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THE 


PHYSICAL REVIEW. 


PERSISTENCE OF VISION IN COLOR-BLIND 
SUBJECTS. 


By FRANK ALLEN. 


URING the century which has elapsed since its discovery. 
color-blindness has been studied from various standpoints, 
At first it merely aroused curiosity which gradually led to a more 
careful examination of its peculiarities. In the latter half of the cen- 
tury the importance of the subject was enormously increased by the 
consideration that in travelling by land and sea human life is often 
dependent upon the correct perception of color signals by those in 
charge of trains and vessels. From this economic standpoint the 
subject has been developed to perhaps as higha degree of excellence 
as is necessary. But the most interesting aspect of abnormal color 
vision is that of its relation to the exceedingly involved and complex 
question of the nature of our perception of light and color. 

As is well known color-blindness was first studied by the great 
chemist, Dalton, who was himself troubled with it. Its investigation 
subsequently passed to physicists from whom it has been appro- 
priated by the modern school of experimental psychologists and also 
by physiologists, who have very greatly contributed to our knowl- 
edge of the structure of the retina and the functions of its parts, to 
whom also are due very many of the hypotheses by which the 
varied phenomena of color vision are correlated. 
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The study of numerous cases of color-blindness has brought to 
our knowledge many eccentricities of vision which none of the 
theories can at present adequately explain. Some of the hypotheses 
have been devised expressly for the purpose of grouping color-blind 
subjects into a very few sharply defined classes. While this is a 
most desirable result to be attained, yet it can only be deprecated 
that an occasional writer has tried to establish a comprehensive 
hypothesis upon quite insufficient data. One theory’ in particular 
has been founded on but two unique cases of color-blindness de- 
scribed by Holmgren. 

The investigation discussed in these pages was undertaken with 
the object of finding out the nature and magnitude of the variations 
of abnormal from normal color vision as far as they can be shown 
by comparing the corresponding measurements of the persistence 
of vision of the rays of the spectrum. 

In a former paper’ I gave an account of some experiments in 
which the normal retina was studied under various artificially pro- 
duced conditions by the Nichols method of the measurement of 
the duration of visual impressions. Those experiments, it was 
hoped, would contribute materially towards the solution of the 
problem of the fundamental color sensations. The present investi- 
gation is a continuation of the former both in its object and in the 
method used, the sole difference being that, instead of the normal 
retina, the eyes of color-blind persons are studied. As the paper 
to which reference is made contains a detailed description of the 
apparatus and of the manner of taking observations employed in 
both researches, repetition will be unnecessary. In brief, however, 
the method consists in rotating a sectored disc in front of the slit 
of a spectrometer at such a speed that there is complete fusion of 
the intermittent flashes of color of the part of the spectrum under 
observation. The speed of the disc is electrically recorded on a 
chronograph which enables the duration of the greatest intensity 
of the light stimulus to be very accurately determined. The time 
of fusion varies from point to point through the spectrum, but is 


1 Color Sensations, H. R. Droop, Phil. Mag., S. 5, 15, 1883. 
2 Effect on the Persistence of Vision of Exposing the Eye to Light of Various Wave- 
Lengths, Frank Allen, Puys, Rev., Vol. XI., p. 257, 1900. 
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dependent, however, only upon the intensity of the light and the 
sensitiveness of the retina. 

The cases of color-blindness examined were all students in Cornell 
University. Many of them were found by examining several 
hundred members of one of the classes through the agency of the 
Military Department of the University. Others were obtained in 
the physical and chemical laboratories where they betrayed their 
visual defects in various ways in their work. All subjects were 
first examined by the Holmgren test and gave unmistakable indica- 
tions of color-blindness in some degree. In finding the neutral 
point the Helmholtz color-mixing spectrophotometer' was em- 
ployed. One of the collimator tubes was removed from its ordi- 
nary position and remounted so as to permit the light from the slit 
to be reflected by the prism into the telescope in which it appeared 
above the spectrum from the other collimator. On looking into 
the telescope there could be seen only the reflected white light and 
a narrow band of the spectrum occupying the upper and lower 
halves of the field respectively. The observer, passing the spectum 
in review from the red to the violet, set the instrument where the 
color of the field appeared uniform. The intensity of the white 
light could be easily varied by rotating the Nicol prism in front of 
the slit of the collimator. In this way most of the subjects indi- 
cated their neutral point with ease and rapidity, though a few were 
unable to find any at all. In the figures the neutral point is indi- 
cated by a short vertical line at the proper wave-length. 

The most desired observations were those which determined the 
persistency curve, the general character of which will be clear on 
referring to the figures. Including the intervals of rest it generally 
required about two and a half hours for a person to make the neces- 
sary settings of the rotating disc to give sufficiently numerous and 
reliable data for comparison with the curve obtained by the normal 
eye. Complete sets of observations were made with both eyes, 
though in only a very few cases was any difference manifested. 
Taking the double sets of observations into account, twice as many 
curves were obtained as are shown in the plates. 


' Helmholtz, “ Physiol. Optik,’’ p. 355. 
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It will be noticed that the brightest region of the spectrum to the 
normal eye as indicated by the lowest point of the persistency curve 
is a little to the green side of the sodium line. As the shifting of 
this point in the color-blind has been made one of the principal 
determining factors in their classification by the Hering theory, it 
will be interesting to observe where it occurs in all the cases. 
Many of the subjects also determined the position of the brightest 
point by direct observation which seemed to show that it was shifted 
rather more than the amount indicated by the position of the lowest 
part of the persistency curve. The direction of shift was, however, 
always the same by the two methods, though the magnitude often 
differed. 

In order that the persistency curves may lead to any conclusions 
concerning the portions of the spectrum to which the retinas of the 
color-blind are not normally responsive, they are always shown in 
comparison with a normal curve. 


THE NoRMAL PERSISTENCY CURVE. 


The normal curves which are used as standards of comparison 
are those of the writer whose color vision did not seem to be defec- 
tive in any way. Several normals, it will be noticed, are made use 
of in this paper, for the reason that at intervals the luminosity of 
the spectrum was changed owing doubtless to some variations of the 
intensity or quality of the light from the acetylene flame. The 
adjustments of the instruments were changed but once, the pressure 
of the gas was quite constant, and in addition the measurements 
changed also for different observers at the same time. These 
reasons are sufficient to assign the cause of the irregularity to some 
variation in the character of the light itself, and not to any incon- 
stancy of the retinal processes. That four normal curves are used 
in this work is due simply to the length of time the investigation 
has covered ; had it extended longer the number would doubtless 
have been increased. 

The order in which the cases of color-blindness are discussed is 
not that in which they were examined, so that the apparently capri- 
cious manner of referring their curves to the various normals is due 
to grouping the cases in their natural classes. The first and second 
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normals are much alike, differing only in the part corresponding to 
the middle of the spectrum. The last two differ more widely, the 
readings for the fourth in particular having been made after read- 
justment of the apparatus. 

The data for the four normals are given in the following table. 


TABLE I. 


NORMAL CURVES. 


I II III IV 


A Persistence. A Persistence. A Persistence. A Persistence. 
.0388 sec. .400u .0388sec. .400u .0395sec. .405u .0410 sec. 
-406 .0360 .406 .0360 .412 -0365 -412 -0385 
.418 .0323 .418 .0323 .439 .0268 -425 .0351 
.0307 -430 .0280 .472 -0196 -440 .0287 
-439 .0264 -450 .0225 .0157 455 .0239 
-0200 -463 -0196 -520 .0135 .472 .0196 
-0160 -485 .0156 .550 .0126 -485 -0181 
.506 .0148 .500 -0140 .588 .0126 .502 .0156 
.520 .0131 .567 .0115 .640 -0143 .520 -0141 
.533 .0124 .588 .0118 .720 -0243 .538 -0135 
.567 .0115 -613 .0126 .730 .0260 .0130 
.0118 .640 -0136 588 -0126 
-613 -0126 .670 -0160 .613 .0129 
-640 .0136 .720 .0224 -640 -0138 
.670 -0160 .730 -0240 -670 .0158 
.720 .0224 .705 .0203 
-730 .0240 -0221 

.732 -0236 


-745 


In order to see whether there was any disagreement in the 
measurements of the persistence of vision of persons with normal 
color vision, the observations necessary for the determination of 
their persistency curves were made by a number of my friends in 
the departments of psychology and physics. The results obtained 
by two of them are by their kind permission given here, and the 
measurements of the others showed substantially the same agree- 
ment. The curve shown in Fig. 1 is that obtained by Dr. Margaret 
Floy Washburn, and that in Fig. 2 by Mr. E. C. Roberts. These 
are compared with the second normal which is represented by the 
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dotted line in the figures. 
are the normals. 
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Throughout this paper the dotted curves 


The data are given in Table II. 
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Persistence. 


-0118 sec. 
.0117 
.0117 
.0118 
.0131 
.0137 
.0167 


A 
WAVE LENGTHS WAVE LENGTHS 
Fig. 1. Fig. 2. 
TABLE II. 
Wasthucs. Mr. E. C. Roberts. 
A Persistence. A Persistence. A 
.406 -0403 sec. 406 u .0388 sec. 
.439 .0285 .425 .0283 -550 
.505 .0136 .439 .0237 .567 
.567 .0118 -455 .0203 .588 
.613 .0124 .472 .0173 .613 
.705 .0204 .0150 .640 
.520 .0123 .670 
.720 


-0227 


From the results obtained by these observers we may conclude 
that the persistence of color impressions upon the retinas of persons 
with normal color vision and of not widely different ages is practi- 


cally the same. 


close agreement has been shown by Ferry.' 


1E. S. Ferry, The Persistence of Vision, Am. Jour. Sci., Vol. 44, p. 192, 1892. 


That a considerable disparity in age destroys this 
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THE Cases oF COLoR-BLINDNESS. 

The twenty-six cases of color-blindness described in this paper, 
of which twenty-one are new, are divided into seven classes accord- 
ing to the form of their persistency curves. Grouping them with 
reference to the position of the brightest point of the spectrum would 
make about three subdivisions in each class. The reasons for the 
classification adopted will appear as the cases are examined. 


Class /. 

Subject No. 1.—Mr. W. O. B., when examined with the Holm- 
gren worsteds, showed the usual indications of color-blindness. He 
determined his neutral point to be atA=.510 #. The persistency 
readings are given in Table III. In Plate L,' Fig. 1, these results 
are shown in comparison with the second normal. Two parts of 
the curve are evidently abnormal, one from the beginning of the red 
to A= .670 », and the other between the wave-lengths .440 » and 
.670 #. These regions, however, differ in their meaning. The 
elevation above the normal a/ways accompanies indications of color- 
blindness, while the depression signifies that to the abnormal eye 
the corresponding part of the spectrum is brighter than to the 
normal. This depression, though not found in many of the curves, 
is in accordance with the frequently observed phenomenon that 
when the retina is deficient in the power of responding to one of 
the fundamental sensations, the loss is somewhat compensated for 
by an increase in the intensity of excitation of the others. 


III. 


W.O B. 

A Persistence. A Persistence. A Persistence. 
u .0420 sec. .520 .0107 sec. .640 .0128 sec. 
.425 .0319 .533 .0101 .680 .0180 
.455 .0204 .550 .0095 .705 .0240 
.472 .0162 .567 .0096 .720 .0282 
.495 .0128 .588 .0101 .730 .0324 


-505 .0118 -613 -0112 


' The figures in each of the three plates are numbered from one to nine, The figures 
in the text are numbered independently. 


-020 
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010 
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The point of maximum brightness is at 4 = .550 yw, which is a 
little to the green side of the normal position. The curve indicates 
that the part of the spectrum to which this subject is at least par- 
tially color-blind is from 4 = .670 yw to the end of the red. 

Subject No. 2.—Mr. W. G. A., after the usual Holmgren test, 
located his neutral point atA=.500 4. The measurements of the 
persistence of the spectrum rays are given in Table IV. and are shown 
graphically in Plate I., Fig. 2, in comparison with the fourth normal. 
The curves agree throughout the violet end of the spectrum to 
4= .620y which is in the orange. From this wave-length the 
elevation extends to the end of the red. There is no displacement 


of the brightest point. 
TABLE IV, 


W. G. A. 

: A Persistence. A Persistence. A Persistence. 
405 .0442 sec. -505 -0160 sec. -660 u .0177 sec. 
.425 .0356 .520 .0144 .680 .0207 
-446 .0270 .538 .0138 .705 .0271 
.472 .0200 .562 .0125 .730 .0292 
.485 .0185 .588 .0124 .745 .0323 
.495 .0168 .620 .0134 


Subject No. 3.—Mr. J. G. L., a graduate student in chemistry, 
experienced great difficulty in his spectroscopic work in the red end 
of the spectrum. The usual indications of color-blindness were 
given with the Holmgren test, and the neutral point was located at 
A= .515 p. 

The values given in Table V. are shown in Plate I., Fig. 3, in com- 
parison with the third normal. The agreement of the two is close 
up to 4 = .562 y, at which the elevation begins, extending thence to 
the end of the red. The position of the brightest point is normal. 


TABLE V. 
7 A Persistence. A Persistence. A Persistence. 
-400 u .0423 sec. -502 uu .0165 sec. -620 u -0180 sec. 
.417 .0364 .520 .0131 .660 .0245 
.446 .0269 .538 .0126 .705 .0310 
.472 .0218 .562 .0124 .720 .0350 


.0184 588 .0141 0382 


es 
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Subject No. 4.—Mr. J. W., a student in civil engineering, made 
the usual observations which are given in Table VI., and shown 
graphically in Plate I., Fig. 4,in comparison with the second normal. 
In the Holmgren test the green and red samples were correctly 
matched, but the magenta betrayed his defect. He indicated no 
neutral point at all clearly, but finally made a fairly good match 
with the white at A= .527 4. The elevation occurs in the part of 
the curve corresponding to the red end of the spectrum, and 
begins -at 4=.567 uw. The position of the brightest point is 
normal. 

The last point in the violet in this and in several other curves is 
somewhat elevated. As exact observations in this region of the 
spectrum are rather difficult, little confidence can be attached to 
the last reading unless those immediately preceding show a similar 
displacement. The same remark will also apply to observations in 
the extreme red. Fortunately, however, in most cases, there is no 
uncertainty as to the character of the curve in all parts. 


VI. 
A A Persistence. A 
-400 u .0432 sec. .520 u -0132 sec. .640 u .0172 sec. 
.412 .0354 .533 .0125 .670 .0234 
-425 .0319 .550 .0118 .680 .0249 
.455 .0237 .567 .0116 .705 .0287 
.475 .0181 .588 .0130 .720 .0314 
-485 .0159 -613 .0146 .730 -0350 


.0138 


Subject No. 5. —Mr. F. W. S., a student is one of the physical 
laboratories, matched the red correctly in the Holmgren test, but 
failed with the other two. His neutral point is atA=.515 4. The 
measurements tabulated in Table VII., are shown in Plate L, Fig. 
5, in comparison with the fourth normal. The curve runs below the 
normal in the violet and also in the green. The point of maximum 
brightness is at A = .562 wu, where the elevation begins which con- 
tinues throughout the red. In this case the point of greatest bright- 
ness is shifted towards the green. 


| 
> 
Le 
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TABLE VII. 


F. W. S. 

-405 u .0367 sec. -505 u .0147 sec. .660 u .0182 sec. 
.425 .0320 .520 .0136 .680 .0223 

.446 .0275 .538 .0130 .705 .0265 

.472 .0195 .562 .0127 .717 .0278 

.485 .0186 .588 .0130 .730 .0302 

.495 .0164 .620 .0144 


The five subjects in this class have persistency curves of the same 
type. Two of them correctly matched one or two of the Holmgren 
confusion samples, while the others made mistakes with them all. 
With one exception their neutral points agree quite closely. With 
three the brightest point in the spectrum occupies its normal posi- 
tion, while two have it displaced toward the green. 


Class I]. 


The subjects in this class seem to have imperfect color vision only 
inthe green. It is rather remarkable that amomg the score of new 
cases described in this paper not one has given a curve of this 
type. But since at least six cases are on record, the type is 
well defined. 

Subject No. 6.— The persistency curve shown in Plate L., Fig. 6, 
is that obtained by Mr. H. C. B., whose color vision is discussed in 
my former paper.’ When this subject was examined no means were 
at hand to determine his neutral point. The elevation is but slight 
and is confined to the green. The position of the brightest point is 
normal. 

Subject No. 7. — The three figures, 7, 8 and 9, shown in Plate I. 
are those of three similar cases investigated by Ferry, from whose 
paper’® they are reproduced. In these the elevation in the green 
is very pronounced. The position of the brightest point is normal 
in each case, and the neutral points are indicated by the usual ver- 
tical lines. 


! Allen, op. cit., Fig. 18, p. 287. 
2 Ferry, op. cit., Fig. 4, p. 204. 
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Class 


Subject No. 8.— Mr. L. J. C.,a student in the Engineering Depart- 
ment, gave decided evidences of color-blindness with the Holmgren 
test. His neutral point isatA=.514 4. The data in Table VIII. 
are shown in Plate II., Fig. 1, in comparison with the second normal. 
The point of maximum brightness is at A = .585 yw, and, as the figure 
shows, is shifted a little towards the red. 

The curves are practically identical through the violet and blue 
to A=.5004 where an elevation begins, extending through the 
green to A=.570y. Thence the curves coincide to 4=.650 p, 
where the second elevation commences which extends to the end of 
the red. 

VIII. 


A Persistence. A Persistence. A | Persistence. 
.400 u .0380 sec. .520 u .0139 sec. 6134 | .O121 sec. 
-412 .0338 .533 .0130 .640 .0138 
.439 .0274 .550 .0124 .670 .0169 
.463 .0209 .567 .0116 .705 .0248 
.485 .0167 .588 .0115 .720 .0285 


.505 .0144 


Subject No. 9.—Mr. J. H. H. was the only one of the subjects 
examined who was quite ignorant of his defective color vision. His 
first matches of the Holmgren worsted showed a very pronounced 
degree of color-blindness. On being told the result of the examina- 
tion he was surprised and rather mortified, and requested another 
trial of the worsted test. This time by closely studying the samples 
he made a very good selection. No part of the spectrum appeared 
neutral to him, but he said that “green’’ began atA=.515 py. It 
is probable that this marked his neutral point, but that excessive 
caution prevented an unbiased judgment. 

The curve, plotted from the data in Table IX., is shown in Plate 
II., Fig. 2, in comparison with the first normal. The brightest point 
is shifted toward the red. The general elevation of the whole curve 
indicates a diminished luminosity of the spectrum to the subject. In 
addition to this continuous difference between the curves, there are 


‘ 
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two distinct elevations, one of which lies between the wave-lengths 
-520 # and .590 », and the other from 4= .615 » to the end of the 
red. 


TABLE IX. 
J. H. H. 

7 A Persistence. A Persistence. A Persistence 
-406 u .0396 sec. .520 u .0138 sec. .0131 sec 
.440 .0299 .533 .0136 .640 .0162 
.483 .0215 .550 .0131 .670 .0196 
.495 .0180 .567 .0128 .720 .0276 


-0161 -588 -0126 


Subject No. ro. — Mr. H. J. H. located his neutral point at 4 = 
.515y. The persistency measurements of Table X. are shown in 
Plate II., Fig. 3, in comparison with the third normal. This curve is 
not as pronounced in its characteristics as the previous ones. The 
last reading in the extreme violet has been neglected for reasons 
stated in a similar case. The relative positions of the curves indi- 
cate diminished luminosity of the whole spectrum to the subject. 
The first elevation lies between the wave-lengths .500 » and .600 p, 
the second extends from .630 » to the end of the red. The region 
of greatest brightness is shifted toward the red and located at 4 = 
.600 # which is the point of separation of the two elevations. 


TABLE X. 
H. J. H. 

A Persistence. A Persistence. A Persistence. 
-400 u .0500 sec. u .0178 sec. .640 u .0157 sec. 
.417 .0360 .520 .0158 .670 .0211 
-440 .0298 .538 .0146 -705 .0262 
.450 .0261 .562 .0141 .720 .0283 
-460 .0240 .588 .0137 .730 .0305 


Subject No. 11.—In my former paper’ on color vision there was 
described a case of color-blindness, Mr. S. W. F., which belongs to 
this class, and whose persistency curves are reproduced in Plate II., 


' Allen, op. cit., Fig. 15, p. 284. 
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Figs. 4 and 5. He was unable to find any neutral point, though he 
divided the spectrum into “ yellow’ 
The figures show that there are two elevations separated by the 


and “blue” at A= .510 


point of maximum brightness at 4 = .600 pu. 

Subject No. 12.—Mr. W. L. S. made correct matches with the 
red sample in the Holmgren test, but failed with the others. The 
neutral point seemed difficult to decide upon, but he finally selected 
a part of the spectrum about 4=.495 w. The brightest point, 
located at A= .550 4, is shifted toward the green, and, as is usual 
in curves of this type, separates the elevations. 

The persistency measurements of Table XI. are compared with 
the third normal in Plate II., Fig. 6. In the violet and blue the 
curves are almost identical. One of the two elevations occurs in 
the green from A= .485 to 4=.538 4, and the other from 4 = 
.560 4 tothe end. The point of maximum brightness is shifted 
toward the green. 


TasLe XI. 
A Persistence. a Persistence. A Persistence. 
.400 u -0413 sec. -0160 sec. -620 u .0176 sec. 
.417 .0318 .520 .0146 .660 .0233 
.446 .0241 .538 .0130 .705 .0292 
.472 .0188 .562 .0129 .720 .0311 


.0173 .588 .0142 .730 .0325 


The persistency curves of this class have two elevations, one in the 
red and the other in the green region, the exact boundaries differing 
in the various cases. The first three have the same neutral point, 
and the brightest point is shifted toward the red. The fourth case 
has a slightly different neutral region and the position of the bright- 
est point is normal. The last case has a decidedly different neutral 
point, occurring farther in the blue than usual, and the brightest 
point is displaced towards the green. 


Class IV. 


Mr. C. F., a gentleman experienced in making 


Subject No. 13. 
very exact measurements in engineering work and also in astronomy, 
kindly consented to make observations for the determination of his 


| 
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persistency curve. His neutral point is at A= .502y. With the 
Holmgren worsteds he showed many indications of color-blindness, 
but was able to select some colors correctly, especially saturated 
reds, among those that were in the range of his defective color per- 
ception. The persistency curve is shown in Plate II., Fig. 7, in 
comparison with the first normal. To this subject the whole spec- 
trum appears less luminous than normal. The brightest point is 
shifted toward the green. There is but one elevation which extends 
from the neutral point over the entire red end. 


TaBLeE XII. 
2. 

A Persistence. A Persistence. 
-406 u .0424 sec. -0160 sec. -0142 sec. 
.425 .0328 .520 -0146 -613 .0156 
.463 .0228 .533 .0138 .640 .0176 
.483 .0194 .550 .0135 .670 .0222 
-495 | .0173 .567 .0136 .720 -0306 


Holmgren test, remarking that the pile of worsteds was hopelessly 
confusing. Some selections that he did make, however, were cor- 
rect, but most of them indicated a decidedly defective perception of 
color. His neutral point isat A= .510 The persistency measure- 
ments in Table XIII., are shown graphically in Plate II., Fig. 8, 
compared with the second normal. Their relative positions in the 
violet and blue show that the part of the spectrum up to A= .490 # 
is more than normally luminous, while from this wave-length to the 
end of the red there is the usual elevation indicative of corresponding 
visual disturbances. The position of the brightest point is normal. 


TABLE XIII. 
L. RB. J. 

.400 -0362 sec. -505 .0142 sec. -613 .0144 sec. 
.412 —«. .520 .0137 .640 .0172 
.439 .0222 .533 .0131 .670 .0200 
.472 .0166 .550 .0127 -705 .0246 
.485 .0154 .567 .0125 .720 -0265 


495 588 .0129° «0306 


= 
By Subject No. 14.—Mr. L. R. J. could hardly be persuaded to try the 
j 
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Subject No. 15.—Mr. R. K., the last subject in this class, dis- 
played with the worsteds an unusually great degree of color-blind- 
ness. His neutral point is at A= .503 4. The persistency readings 
given in Table XIV. are shown in Plate II., Fig. 9, in comparison with 
the third normal. An examination of the figure shows that his 
color vision is normal through the violet to about the middle of the 
blue, 4 = .470 4, from which point the curves diverge, indicating de- 
fective color perception throughout the remainder of the spectrum. 
The position of the brightest region is normal. The last reading in 
the extreme violet has been neglected for the same reasons that 
were stated in a previous case. 

The characteristic feature of this class is that the persistency 
curve on the violet side of the neutral point is normal and on the 
red side abnormal, the neutral region forming the dividing line. 


TABLE XIV. 


A Persistence. | A Persistence. A | Persistence. 
.400 u -0489 sec. | .502 -0172 sec. -620 -0157 sec. 
.417 -0355 .520 .0152 .660 .0223 
.446 .0261 .538 .0140 -705 .0301 
.472 .0195 -562 .0138 .720 .0323 
-0185 .588 .0139 | 430 .0343 

Class V. 


The relatively large number of cases in this class indicates that it 
is probably the most common type of color-blindness. The char- 
acteristics of the persistency curves are two elevations occurring in 
the red and violet, the intervening portions being normal. Three 
of the seven cases have the position of the brightest point unaltered ; 
two have it shifted toward the-green and two toward the red. 

Subject No. 16.—Mr. J. P. K. gave pronounced evidences of 
color-blindness with the Holmgren test. His neutral point is at 
A=.511y. The persistency measurements in Table XV. are 
shown in Plate III., Fig. 1, in comparison with the fourth normal. 
In no part do the curves coincide. There is an elevation in the 
violet extending to 4 = .470 » and a similar one from A = .720 # to 
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the end of the red. The depression of the curve between these 
elevations indicates an increased brightness of the spectrum to the 
subject. The position of the brightest point is normal. 


TABLE XV. 
J. P.K. 
A Persistence. A Persistence. A 
u .0485 sec. 501 -0154 sec. .660 -0145 sec. 
.412 .0450 .520 | .0132 -680 .0175 
.425 .0400 .538 -0125 -705 .0212 
-440 .0338 -562 .0117 .0227 
-455 .0284 .588 .0113 -730 .0262 
.472 .0215 -620 -0119 -745 .0290 


-487 -0200 


Subject No. 17.—Mr. J. B. K. made nearly all the mistakes pos- 
sible in the Holmgren test. His neutral point is at A= .514 4. 
The persistency measurements given in Table XVI. are shown in 
Plate III., Fig. 2, in comparison with the first normal. The position 
of the brightest point is shifted toward the red. In other respects 
this curve is similar to the preceding one. 


Taste XVI. 

A ' ersistence. A | Persistence. A Persistence. 
.400 .0497 -505 | sec. -640 -0125 sec. 
.406 .0444 520 .670 .0160 
.412 .0412 .533 0113 .0180 
.439 .0287 .550 .0109 -705 .0220 
.463 .0208 .567 .0106 -720 .0247 
.483 .0175 .588 .0104 -730 .0300 
.495 .0148 -613 | .0109 


Subject No. 18.— Mr. R. L. K. in the Holmgren test matched 
the red and green samples correctly but failed with the third. The 
only part of the spectrum that seemed to him neutral was at 
A= .583 4, which is the wave-length at which Konig’s red and 
green sensation curves intersect, and where, under some circum- 
stances, a neutral point might be expected to occur. The data of 
Table XVII. are shown in Plate III., Fig. 3, in comparison with the 
first normal. The brightest point is in its normal position. The 
curves coincide between the two elevations. 
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TasLe XVII. 

A Persistence. A Persistence. A Persistence. 
.400 u .0499 sec. .533 -0130 sec. -670 .0184 sec. 
.412 .0402 -550 .0120 -680 .0214 
-430 .0324 .567 .0116 .705 .0266 
.463 .0212 .588 .0123 .720 .0299 
.505 .0152 .613 .0127 .730 .0321 


-520 -0138 .640 -0142 


Subject No. 19. — Mr. J. P. C. made incorrect selections with all 
the Holmgren test samples. His neutral point is at A= .506 4. The 
persistency measurements are given in Table XVIII. and are shown 
in Plate III., Fig. 4. The curve shows that the brightest point is 
shifted slightly towards the green. There are the two characteristic 
elevations, one in the violet and the other in the part corresponding 
to red, orange and yellow. The curves coincide in the green. 


TasBLe XVIII. 


A Persistence. A Persistence. A Persistence. 
-400 u .0457 sec. .520 u .0139 sec. -640 .0194 sec. 
.418 .0397 .533 .0132 .670 .0235 
.447 .0287 .550 .0123 -705 .0324 
.472 .0202 .567 .0123 -720 .0344 
.485 .0184 .588 .0135 .730 .0366 
502.0149 .613 .0162 


Subject No. 20. — Mr. C. J. E. determined his neutral point to be 
at A4=.516y. His persistency curve is shown in Plate III., Fig. 5, 
in comparison with the third normal. The brightest point is shifted 
toward the green. The curves coincide between the elevations. The 
following table contains the persistency measurements of this subject. 


TABLE XIX. 
C.T. 

A Persistence. A A ersistence. 
400u | .0526sec. .502u | .0140sec. 0177 sec. 
| -520 .0131 0235 
40292 | 0125 «705 .0335 
.0202 562 | 0125 .730 -0368 


.0174 -0129 


ert 


| 
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Subject No. 21. — Mr. W. G. P., a student in one of the physical 
laboratories, gave very few indications of color-blindness with the 
Holmgren test, the only color which betrayed his defective vision 
being the green. No neutral point was found except a rather 
doubtful region in the neighborhood of 4=.560y. Three inde- 
pendent settings of the instrument were made at this point. The 
readings in Table XX. are shown in Plate III., Fig. 6, in com- 
parison with the fourth normal. 


TABLE XX. 


G, F. 

A Persistence. A Persistence. A Persistence. 
u .0532 sec. -505 .0167 sec. -660 u -0155 sec. 
.425 .0469 .520 .0155 .680 .0197 
.446 .0357 .538 .0138 .705 .0226 
.472 .0279 .562 .0127 .717 .0250 
-485 .0228 .588 .0128 .730 .0284 
.495 .0185 .620 .0131 -745 .0292 


Subject No, 22. — Mr. D. C. P. matched correctly the red and 
green samples, but failed with the magenta. He could find no 
neutral point at all. The persistency values in Table X XI. are 
shown in Plate III., Fig. 7, compared with the third normal. The 
point of maximum brightness is shifted toward the red. 


TABLE XXI. 
D. C. P. 


A Persistence. A Persistence. A | Persistence. 
-400 -0488 sec. .520 .0142 sec. -620 .0136 sec. 
-447 .0300 .538 .0134 -660 .0193 
.472 .0208 .562 .0126 -705 .0287 
.485 .0185 .588 .0125 -730 .0344 
Class V1. 


Subject No, 23. —Only one subject belonging to this class was 
among the number of coijor-blind persons examined. Mr. C. D. 
A., the subject in question, failed in the Holmgren test with the 
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green confusion sample only, and remarked that he always had 
trouble in distinguishing between green and brown. His neutral 
point is at A= .512 y, and is peculiar as being the point of coinci- 
dence of the curves, and lies between the two elevations. The per- 
sistency data are in Table XXII., and are shown in Plate III., Fig. 
8, in comparison with the fourth normal. The point of maximum 
brightness is considerably displaced towards the red, occurring at 
A= .620 pw. One elevation of the curve runs from the extreme vio- 
let through the blue and is terminated in the green by the neutral 
region; the second extends from this region to the wave-length 
denoting the brightest point. The curves thence coincide to nearly 
the end of the red, where the last reading is a little elevated. As 
the extreme red is difficult to observe accurately, this slight eleva- 
tion is to be regarded as very doubtful. 


TABLE XXII. 


7 A Persistence. A Persistence. A Persistence. 
.405 u -0508 sec. -505 .0164 sec. .660 .0148 sec. 
-425 .0410 .520 .0145 .680 .0165 
.446 .0363 .538 .0142 .705 .0206 
-472 .0256 .562 .0139 .717 .0226 
.485 .0240 .588 .0135 -730 .0262 
0192 .0132 
Class 


A Case of Total Color-blindness. 


Subject No, 24.—Mr. F. B. S., a student in the Veterinary 
Department of the University, was noticed by one of the instructors 
in chemistry to make many mistakes in naming the characteristic 
colors of chemical reactions. Through the kindness of Dr. Turner 
of the Chemistry Department, the case was brought to my attention 
and the consent of the student gained to make several color vision 
tests. The subject himself stated that all ‘‘colors’’ were equally 
difficult to distinguish and that all the Holmgren worsteds were 
about the same to him. 

Inquiry at various times elicited the following personal informa- 
tion: Near objects are distinguished much better than those at a 


x, 
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greater distance. Vision can be fixated on a point for some time, but 
a feeling of fatigue is soon experienced which often is painful. On 
leaving a room and going out into the bright sunshine the light 
hurts his eyes occasioning an excessive flow of tears. At intervals 
of about half a year he has severe headaches which are accom- 
panied by hemiopsy or ‘half vision,” a peculiarity which also 
troubles one of his sisters. On two occasions complete blindness 
lasting several hours came gradually upon him, once when in high 
school and the other time during a lecture at the university. Dur- 
ing these periods of blindness only sufficient visual power was re- 
tained to distinguish light from darkness. The pupil, he said, al- 
ways dilates during these ‘ blind intervals.’’ As all glasses he had 
ever used seemed to hurt his eyes he had discontinued their use. 
No other member of his family or of his relatives was affected with 
visual trouble of any kind as far as he knew, except his sister in 
the way mentioned. 

Very complete series of selections of the Holmgren worsteds 
were made, which, upon examination through suitable colored 
glasses, proved to be matched according to their brightness. With 
a light gray sample he matched light shades of very many colors. 
He had learned, he said, to distinguish yellow, though this was 
sometimes confused with neutral shades. These indications all con- 
firmed the conclusion that his vision was achromatic, and the proof will 
appear complete when the various curves he obtained are examined. 

As all the spectrum was supposed to appear colorless to him and 
to vary only in brightness, the Helmholtz color-mixing spectro- 
photometer, adapted for the determination of neutral points as 
previously described, was used to obtain a luminosity curve. This 
was easily done by varying the intensity of the reflected light with 
the Nicol prism until it matched the part of the spectrum under ob- 


servation. In this way white light of some intensity was matched 
with every part of the spectrum. Three or four independent obser- 
vations were made at each selected point and readings taken of the 
angle between the principal planes of the polarizer and analyzer, to 
the square of the cosine of which the intensity of the light is pro- 
portional. The mean values of these angles are given in the follow- 
ing table. 
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TasLe XXIII. 
F. B. S.. LUMINOSITY CURVE. 


A cos? a A cos? a 
-450 88° 12’ -0009 563 71° 42/ -098 
457 87 0 -0027 571 69 0 .128 
-466 85 54 .0051 -582 66 12 
475 85 0 .0076 593 63 36 197 
-485 83 12 -0140 .605 62 30 .213 
-498 81 42 -0208 -616 72 6 -094 
80 0 -0301 -628 76 36 -054 
524 78 30 -0398 .640 82 18 .018 
.537 77 «18 .0482 84 18 
545 75 36 -062 -670 85 48 -005 
554 73 36 -080 .685 87 54 


These values, plotted in Fig. 3, give the usual form of luminosity 
curve. One very remarkable feature is that the maximum occurs 


| 


LUMINOSITY CURVE 
F.B.S. 


WAVE LENGTHS 
88 


9 Fig. 3. 


at A = .605 y, or is practically normal ; usually it is found at the line 
E (4 = .527 and Abney’ in particular has studied several cases 


'Sir W. de W. Abney, ‘* A Case of Monochromatic Vision,’’ Proc. Roy. Soc., Vol. 
66, 1900, p. 179. Also Color Vision (Tyndall Lectures), Chap. 12, p. 148. 
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in which the maximum luminosity is so displaced. The line £ is 
also the normal maximum brightness when the intensity of the spec- 
trum is so much reduced that all color disappears, leaving only a 
substratum of gray. The coincidence of the luminosity maximum 
of the faint light spectrum to the normal eye with that of the nor- 
mal spectrum to the totally color-blind retina is of much theoretical 
interest. In this case, however, the agreement does not occur. 

Persistency curves were also obtained for both eyes, but since 
they agree completely only one is here given, the data for which are 
recorded in Table XXIV. The 


curve is shown in Plate III., Fig. 


g, in comparison with the second “WHITE CURVE" 
| 


| 


normal. Readings were taken, it . 


will be observed, at points very : 
close together throughthe yellow 
and green in order to see if there 
were any indications of three sep- 
arate elevations as might be ex- 


pected from any trichromatic 
theory. The curve, however, is | 
simply elevated throughout its |_| 
entire extent, the increase in the a 
duration of color impressions 
varying from a maximum in the | | “Sess 
violet to aminimum in the yellow, | laminate | 
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NORMAL, — — — — 
termediate in value. = 
WAVE LENGTHS, 
Both curves have their lowest 40/4 j 
point at 4=.570y which indi- Fig. 4. 


cates that the region of greatest 

brightness is not shifted. The luminosity curve showed the brightest 
point to be at 4 = .605 w. Direct observation located it at A=.570 44. 
The three determinations should agree, though the cause of the varia- 
tion may be in the difference between the spectra upon which the two 
sets of measurements were made. The spectrum used for persist- 


ency observations was much more highly dispersed than the one by 
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which the luminosity curve was obtained. If the brightest point is 
shifted, the displacement in any case is but little. 

In my former paper on color vision to which reference has al- 
ready been made, there was described an experiment in which the 
normal eye was fatigued with white light and a persistency curve 
obtained with it in this condition. The effect of this fatigue was to 
diminish the sensitiveness of the retina for all colors. The curve 
showing this effect is reproduced in Fig. 4. The similarily of this 
figure with that (Plate III., Fig. 9) showing the measurements of 
the totally color-blind person is very apparent. 


TABLE XXIV. 


A Persistence. A Persistence. A + ersistence. 
-400 .0570 sec. -0134 sec. -605 u .0138 sec. 
-430 .0391 .550 .0127 .613 .0142 
.463 .0264 .567 .0124 .670 .0200 
.505 .0159 .588 .0128 .720 .0270 
.520 .0145 .597 .0133 .730 .0288 


DiscussION OF THE SYSTEM OF CLASSIFICATION. 

The regularity of the curves and the general uniformity of the 
measurements which have been examined in the preceding pages 
naturally excite in one a feeling of confidence in their reliability, a 
feeling which is deepened by the almost ideal manner in which the 
results permit themselves to be classified. And yet, strange as it 
may seem upon reflection, considerable criticism has been levelled 
at the persistency of vision method of studying the phenomena of 
color perception on account of this very uniformity of the observa- 
tions. It has been gravely asserted that the eye is such a delicate 
organ, troubled by so many imperfections, and the measurements 
themselves subject to so many sources of error, that constancy of 
duration of visual impressions is impossible to realize. Undoubtedly 
there are sources of error which affect the results, but they must 
enter to an equal extent in observations in all parts of the spectrum ; 
and as the conclusions are drawn from a comparison only of the 
results obtained by normal and by abnormal eyes under exactly 
similar conditions, the effect of these errors must be vanishingly small. 
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The criticism affects far more than the results discussed in this 
paper. The experiments of Abney and of Konig, as well as those of 
numerous other investigations in the domain of color vision, are 
equally discredited. And indeed the acceptance of the standpoint 
of this criticism would put a stop to further exact experiments in 
this branch of science. If experimental evidence is allowed its 
rightful precedence over theory this criticism becomes of no effect. 

Attention has been directed to the general results of the Holmgren 
test with the subjects considered in this paper. Some failed with 
all the test samples, others with two, and others still with but one. 
The Holmgren test, valuable as it is for the rapid detection of color- 
blindness, is manifestly a very inaccurate method of classifying the 
cases. Those who are aware of their visual imperfections are able 
from experience to avoid many indications of their condition. 
Other tests than this are generally used to provide a basis of classi- 
fication, such, for example, as the location of the neutral region or 
of the point of maximum brightness. 

For the general discussion of the results which have been con- 
sidered in detail, one curve of each of the seven ciasses is shown in 
Fig. 5 so that they may be readily compared. In this figure the 
normal curve is everywhere reduced to the same ordinate making 
that curve a straight horizontal line. The abnormal curves' are 
reduced in the same ratio thus permitting their characteristics to be 
more strikingly shown. ° 

This method of representation has the additional merit of enabling 
the mutual relationship of the classes of curves, and therefore of the 
divisions of color-blindness, to be comprehended in one figure. 
Though we cannot yet determine the full meaning of the abnormal 
persistency curve, yet it has been seen that certain parts agree with 
the normal and other parts disagree in a thoroughly systematic 
manner. The elevations, being a sure accompaniment of color- 
blindness, must be characteristic of it. But that some parts of the 
curve are normal cannot necessarily imply that the corresponding 
portions of the spectrum are always perceived normally, for the 


1Jn Fig. 5 the neutral point of the subject whose curve is shown is represented by 
the vertical line standing alone. The neutral points of the other subjects of the class 
are marked by similar lines below the other. 
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neutral region, which as its name indicates is devoid of color, very 
often occurs in the normal part of the curve. Indeed in one case (C, 
D, A, Plate III., Fig. 8) the neutral point is the only normal part be- 
tween the two elevations. The persistency curve shows the varia- 
tion of the perception of brightness of the spectrum, and involves 
color only in so far as it is connected with the sensation of brightness. 

A brief summary of the characteristics of the classes of curves is 
given as follows: 

Class /.—Curves have one elevation which occurs in the part 
corresponding to red and orange, the rest of the curve being normal. 

Class [/.—Curves have one elevation in the part corresponding 
to the green region, extending into the yellow and blue. 

Class [I], is a combination of the first two classes. Curves have 
two elevations, one in the red and the other in the green, separated 
by a normal portion. 

Class [V. is a modification of the third class. The curves have 
one elevation extending over all the region from the beginning of 
the green on the violet side to the end of the red. 

Class V.—Curves have two elevations, one in the red and the 
other in the violet, the intervening portion being normal. 

Class V/,—Curve has two elevations, one in the green and the 
other in the violet. 

Class V/J.— The whole curve is elevated above the normal. 

In the different classes corresponding elevations do not always 
extend over the same portion of the spectrum. The elevation in 
the red sometimes covers the orange and even yellow. The eleva- 
tion in the green is sometimes shifted very much towards the yellow, 
and the limits of the violet elevation also vary to some extent. 
These peculiarities do not, however, invalidate the general conclu- 
sions ; for color-blindness may be characterized by a modification 
of the color apparatus as well as by the absence of one or more of 
the primary sensations, and this may easily result in the variation of 
the position of the elevations. 


BEARING OF THE CURVES ON COLOR THEORIES. 


The Hering theory of color vision postulates two pairs of antago- 
nistic color processes, one resulting in the red and green sensations, 
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the other in the yellow and blue. Any modification of the red or 
yellow sensations must be accompanied by a modification of the 
green and blue respectively. It therefore follows that red or green 
color-blindness cannot exist alone. Both sensations are normal to- 
gether or both abnormal. From the theory yellow-blue blindness 
is possible, though some consider it very improbable. 

From the standpoint of this hypothesis there are three possible 
types of persistency curves: one in which elevations would occur in 
the red and green portions, a second in which they would occur in 
the yellow and blue, and the third in which the whole curve would 
be elevated. Curves with single elevations in any part are directly 
opposed to the provisions of the theory in question. The curves 
comprising the third, sixth and seventh classes may be considered 
to be in harmony with the theory, the remainder are impossible to 
be accounted for by it. 

The same objections obtain with the other hypotheses of color 
vision which are mere modifications of Hering’s or constructed by 
analogy with it, such as, for example, the theory of Miller and that 
of Ebbinghaus. To many of the minor theories which have been 
devised in such abundance, application of these results is perhaps 
needless. 

Turning our attention from four-color to three-color theories, the 
case is at once seen to be very different. In this connection the 
classification may be advantageously discussed from the standpoint 
of the Young-Helmholtz theory. From the number of funda- 
mental color sensations and their independent character, the pos- 
sible types of abnormal persistency curves may be determined. Any 
of the three primaries, red, green or violet may be absent or modi- 
fied separately because of their independence. The resulting per- 
sistency curves would show the defect by a single elevation in the 
part of the curve corresponding to those light waves to which the 
retina is not normally responsive. For it has been repeatedly 
shown that the luminosity curves of the color-blind indicate de- 
creased brightness of certain parts of the spectrum, which in the 
persistency curve shows itself by one or two elevations. 

The Young-Helmholtz theory also admits the possibility of types 
of color-blindness in which two sensations are simultaneously modi- 
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fied or lacking, the absent ones being red and green, red and violet, 
or green and violet. The persistency curves corresponding to each 
of these cases would have two elevations appropriately situated. 

The original form of the theory not admitting the possibility of 
total color-blindness, its experimental demonstration has necessi- 
tated some modification. Adopting the modern form of the theory, 
one is led to the conclusion that there may be anticipated types of 
persistency curves corresponding to the seven possible cases of 
color-blindness described. Curves corresponding to six of these 
types have been obtained and described in this paper, the missing 
one being that in which one elevation would occur in the violet. 
No case of violet-blindness was found among the subjects exam- 
ined, though Abney' has described one. 

The curves in this paper it will be remembered have been grouped 
into seven classes, but III. and IV. are perhaps essentially the same. 

With the general provisions of the Franklin theory, which now 
has its champions in the lists, these experiments are also in harmony, 
except in the selection of blue instead of violet for one of its triad of 
fundamentals. 

The twenty-six cases of color-blindness which have been discussed 
comprise comparatively few who have defective color perception 
confined to one sensation. Most of them have red-blindness in 
some degree combined with either green- or violet-blindness, the 
majority falling into the latter division. Since abnormal perception 
of green or red separately is comparatively infrequent, there is a 
good basis for Hering’s conclusion that red- and green-blindness 
are always associated together. Though this is partially correct, a 
statement nearer the truth is that red-blindness is nearly always 
associated with a similar defect in either violet or green, more 
commonly the former. 

The study of the phenomena of color vision by the method of the 
persistence of visual impression sheds no light apparently on the 
nature of the retinal processes themselves. Whether they are con- 
cerned with nerve fibrils, photo-chemical substances, the mechanical 
tearing down of complex color molecules, or with any other of the 
numerous devices for transforming certain radiant energy into sub- 


'«« Colour Vision,’’ p. 73. 
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jective color sensation, the method is not competent to decide. Nor 
does it afford any explanation of after-images, contrast colors, fields 
of color, and the numerous other phenomena of chromatic vision 
which all contribute to make the subject of color perception so 
peculiarly elusive. While all these demand explanation and incor- 
poration into acceptable theories, no less do the very striking 
characteristics of the persistency curves, intimately associated as 
they undoubtedly are with abnormal color vision. 

The curves, more especially those obtained by the totally color- 
blind subject, seem to show quite definitely the existence of an 
underlying white sensation. Color, whatever else it may be, mani- 
fests itself in part as an added luminosity to the fundamental white. 
When some one color process is not present in the retina, or is 
present in a modified form, the part of the spectrum which would be 
its normal stimulus, is perceived less intensely, and the persistency 
curve through this region is that of the underlying white alone, or 
of white mingled with traces of the fading color sensation, which 
gives it the familiar elevated appearance. So that while the physio- 
logical processes involved are very obscure, yet the uniformity of 
location of the elevations seems to have almost a determining in- 
fluence upon the choice of red, green and violet as the color funda- 
mentals. 

Some of the more important conclusions which seem to be justi- 
fied by the general character of the results which have been ex- 
amined may be conveniently collected here. 

1. Persons with normal color vision, and of not widely different 
ages, have the same persistency curve under similar circumstances ; 
or, all color impressions have the same duration in their retinas. 

2. The persistency curves of the color-blind always have char- 
acteristic elevations, either one or two in number, which occur in 
general in those portions of the curves corresponding to the red, 
green and violet in the spectrum. 

3. On the basis of the modified form of the Young-Helmholtz 
theory there are seven possible types of color-blindness : those in 
which only one of the primaries is absent or modified, those in 
which any two may be simultaneously absent or modified, and 
total color-blindness. Persistency curves corresponding to six of 
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these types have been described in this paper, none having been ob- 
tained to illustrate violet-blindness. 

4. The results are entirely opposed to the assumption of four 
fundamental color sensations, but are in harmony with the selection 
of red, green and violet as primaries. The existence of a white 
sensation is also to be inferred, and that color consists, in part at 
least, of an additional brightness superposed upon this underlying 
white. 

In an investigation of this kind I am necessarily under great ob- 
ligations to many persons. Without the courteous cooperation of 
those who have shown such interest and patience in making the 
careful observations discussed in these pages, the successful prose- 
cution of the work would have been impossible. In particular Dr. 
Margaret Floy Washburn and Mr. E. C. Roberts have obtained for 
me important results which have been referred to in their place. 
To Professor E. L. Nichols, whose method of studying the effects 
of light upon the retina has been followed, and under whose direc- 
tion the research was carried on, I am indebted for numerous sug- 
gestions which have been incorporated in the work. 


PHYSICAL LABORATORY, 
CORNELL UNIVERSITY, May, 1902. 
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INTERFERENCE IN THIN FILMS—A GRAPHICAL 
TREATMENT. 


By E. R. DREw. 


yw light falls upon a thin film of a transparent substance, 
/ interference fringes are observed in the portions of light 
reflected from the two surfaces. These fringes, under given condi- 
tions, appear to be localized at a particular place, so that they are 
not seen distinctly with a telescope unless it is focused upon a 
point at a particular distance from the film. This feature of the 
phenomenon of interference due to thin films has seemed rather 
difficult of explanation. 

Michelson,' has given a mathematical solution of the problem for 
the cases which arise in the form of interferometer devised by him, 
in which the light is always incident normally or nearly so; and 
Feussner’ has given an elaborate treatment of the general case of 
light incident at any angle upon a film whose plane surfaces make 
a small angle with each other. More recently H. A. Pocklington * 
has proposed a method of analysis which is much simpler and 
clearer than that of Feussner. 

It has seemed to the writer that it might be an aid to clearness of 
thought with regard to the whole phenomenon if it could be treated 
in a graphical way, by which the wave-surfaces could be con- 
structed, and the interference effects obtained by the intersections of 
these surfaces. 

The method is often used in making clear some simple cases of 
interference, as, for instance, the effects which are seen when a dis- 
tant arc light is viewed through two pinholes close together in a 
card which is held just in front of the eye. In this case each pin- 
hole becomes effectively a source of light, sending out disturbances 


! Winkelmann, Handbuch der Physik, II., 1, p. 546. 
2Phil. Mag. (5), 13, p- 236, 1882. 
3 Proc. Camb. Phil. Soc., XI., 2, p. 105, April, 1901. 
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in the form of spherical waves into the region behind the card. 
The waves in the two sets are similar in every respect, having come 
from the same actual source, and so are able to produce definite 
interference effects. 

In Fig. 1, 4 and / represent these two effective sources, and the 
circular arcs represent a series of corresponding wave-fronts of 
the two systems of waves. 
Any point in which a wave- 
front of system A intersects 
one of system / is evidently 
a point of maximum dis- 
turbance ; and as the wave- 
fronts move outward, all 
points on the loci of these 
intersections will be points 
of maximum disturbance 
continuously. These loci 


are obviously portions of 


a system of hyperbolas, 
having A and P# as foci; 
but within the region con- 


sidered their curvature is 


fe) 


wo 


so small that they may be A 
well enough represented Fig. 1. 

by straight lines. If a 

screen be placed within this region, so that the light passing through 
the two pinholes falls upon it, there will be a maximum of intensity 
at each point where it is cut by one of these lines. In this case 
the fringes have no definite focus. 

Consider next a thin film of air enclosed between two glass plates, 
with the light from a sodium burner falling upon the film at any 
angle, and being reflected from its two surfaces. The figures are 
plane sections perpendicular to the surfaces of the film, and passing 
through the source of light and the eye of the observer. The 
desired simplicity of treatment can only be attained by considering 


a somewhat ideal case, in which the effect due to refraction in the 
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upper glass plate is neglected. But the two portions of light which 
come by reflection from the two surfaces of the film are refracted by 
this plate in almost identical fashion, so that any relations which 

exist between them will not be appreciably changed thereby. 
In Fig. 2, the two surfaces of the film are taken parallel. <A isa 
particular point in the sodium flame which serves as the source of 
light, A’ its image 


a, by 


formed by reflection 
at the upper surface 
of the film, A’ that 
formed at the lower 
surface. The two re- 
flected portions of 


light will then diverge 


from these two points 
as virtual sources. 
000 Finding the loci of 
the points of maxi- 


mum disturbance as 
in Fig. 1, @, may rep- 
resent the locus of 


o> 
© 


Fig. 2. 


points whose difference in distance from A’ and A” is four wave- 
lengths, a, the similar locus for a difference in path of three wave- 
lengths. In this and the following figures, the loci are constructed 
by locating two points on a chosen hyperbola, and drawing a straight 
line through them. 

This construction is next carried out for two other points, 2 and 
C, on the luminous source, giving the loci 4,, c,, and 4,, ¢c,. The 
three lines in each set are evidently parallel. There is actually a 
continuous series of luminous points across the source where it is 
intersected by the plane of the figure, and the loci for all of these 
points will similarly be parallel in each set. But for some point on 
the source, a locus of maximum disturbance will lie midway between 
a, and a,, which will be the locus of minimum disturbance for the 
point A on the source. This overlapping of maxima and minima 
on a screen placed in the path of the reflected light will evidently 
prevent the formation of any definite interference effect. But if a 


7 
JE 
j 
j 
ABC 
o O J 
j 
j 
A 
: 
4 
} 
? 
} 
| 
f 
- 
| 


No. 4.] INTERFERENCE IN THIN FILMS. 229 


portion of this reflected light enter the eye, the observer will see 
a maximum illumination coming apparently along the path a, and 
all paths parallel to it, and therefore coming apparently from the 
point where these paths intersect,”at infinity. Looking along a 
direction midway between a, and a,, he will similarly see a minimum 
effect coming along a set of parallel paths. The interference fringes 
will then be clearly seen by the eye, or in a telescope, only when it 
is focused for parallel light. 

It is of course to be noted that definite interference cannot 
occur between portions of light coming from two different points, 
A and &, on the source, but only between different portions of the 
light which originally came from a single point on the source. 

There are other portions of the light from A which will emerge 
from the film after multiple reflection within it, and interference may 
occur among any two of these portions. The locus for one such 
case is shown by the dotted line in the figure ; and it is evident that 
they will all be parallel to those already found. 


b 4, 


Fig. 3. 


b 
| j 
/ 
c 
a b | 
4 
\ 
\ 
y 
| 
| /, 
AB C/ 
/ 
ax ™ / / 
‘\ 
od 
\ 
\ 


230 E. R. DREW. [VoL. XV. 


In Fig. 3 the same construction is applied to a wedge-shaped 
film. The two lines a, here represent two portions of the same hy- 
perbola, in one case the light being reflected toward the angle of 
the wedge, in the other away from it. The two loci a and 4 now 
intersect at various points near the film. This means physically 
that at such a point of intersection there is a maximum of intensity 
in the illumination due to the point 4 on the source, and also in 
that due to 4. It means, also, that the eye will see a maximum 
illumination coming along the two directions a and 4, which will 
consequently seem to be localized at their intersection, and soa 
sharply defined bright fringe will be seen in a telescope focused 
upon this point. 

The construction shows that any three loci do not in general in- 
tersect in a point. It is quite suggestive of the similar construction 
for the wave-normals of light obliquely refracted at a plane surface. 

The distance of the fringes from the film varies with the angle of 
incidence, becoming zero, and changing sign, with it. The dis- 

i iat tance also varies with the thickness of the 
film; for if the film, imagined extended be- 
yond the vertex, be moved toward the left, 
keeping the angle of incidence fixed, the 
fringes will pass through the film as the ver- 
tex, where the thickness is zero, passes the 
point of incidence. It is also evident that the 


P 

distance will vary inversely with the angle of 
- the film, for the distance becomes infinite 

when the angle becomes zero. 
8 Fig. 4 shows the effect of multiple reflection 
within the film. A, B, C, D are four succes- 
e sive images of the single point 7 on the 
source. The three loci obtained by taking 
: these images successively in pairs intersect in 


Fig. 4. a way very similar to those in the corres- 


ponding position in Fig. 3. 
If the film be composed of a refracting medium, as water, instead 
of air, the light reflected from the lower surface of the film will 
appear to come, not from a point, but from a caustic surface ; or, for 
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a small pencil in any particular direction, from the circle of least 
confusion midway between two focal lines. Fig. 5 is an attempt to 
realize this condition graphically 

The caustic C represents the VY 
image of the point A on the Ady 
source, formed by refraction at Mi 
the upper surface of the film, and 

C’ is its reflected image at the ——__ 


lower surface. For small angles 
of incidence, the effective image 
is quite near the cusp of the Ks {I ! 
caustic, and the light which ! F | 
finally emerges from the film will Wa 
them appear to come from ae’ 

points quite near the cusp of the i 

~ \e 

caustic C”, 

The substitution of water for air ss Pe 5 


has thus moved the second image 

of A from A” to the cusp of the caustic C’’, which could also have 
been done by making the air film thinner, and of greater angle. 
Both of these changes would bring the fringes nearer to the film, 
for the same angle of incidence. The ratio of tangents of angles of 
film, multiplied by the ratio of thickness, deduced from the figure, 
is approximately one half. For small angles of incidence then the 
fringes should be about half as far from a water-film as from an air- 
film under similar conditions. 

For a large angle of incidence, a and 4 may represent the effective 
images of A after reflection at the lower surface, for equal positive 
and negative values of the angle. For these two cases the cusp of 
the caustic C’’ would be placed at ¢ and c’ respectively, and the 
final effective images of A, for light emerging from the upper surface, 
would be a’ and 2’. By the same reasoning that was used in the 
last paragraph, this shows that with increasing angle of incidence 
the distance of the water-fringes from the film does not increase so 
fast as that of the air-fringes. Also that the distance does not in- 
crease quite so fast for negative as for positive angles of incidence, 
negative angles being those for which the light is reflected away 
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from the angle of the film. The drawing is hardly exact enough to 
show this last point with certainty, although the others are quite clear. 


16 


-40° -20° 0° 20° 40° 
Fig. 6. 

All of these conclusions were verified by a series of observations 
on a film enclosed between glass plates about 4 cm. long, in con- 
tact at one end and separated by two layers of tin-foil at the other. 
Small drops of water distributed irregularly in the film made it pos- 
sible to observe the fringes in air and water, on either side of a 
boundary line, by merely changing the focus of the observing micro- 
scope without moving it laterally. The observations are plotted in 
Fig. 6, the curve A representing the results for the air-fringes and 
W for the water-fringes. Ordinates are distances in millimeters 
measured along the line of sight from film to fringes, and abscissz 
are corresponding angles of incidence. It will be noted that for 
angles of incidence less than 20° the ratio of ordinates to the two 
curves is very nearly one half. 

For angles of incidence greater than 45° the aberration becomes 
so great that measurements cannot be made with any accuracy. 

It may be well to add that, for the sake of avoiding confusion, the 
phase difference of a half period introduced by the reflection within 
the glass, at the upper surface of the film, has been disregarded 
throughout. 


UNIVERSITY OF CALIFORNIA, 
BERKELEY, June, 1902. 
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ATTRACTIVE FORCE AND MAGNETIC INDUCTION. 
By Geo. E. PoucuEr. 


T has been shown that for a magnet and its keeper the follow- 
ing formula holds :' 
A= 
where A is the attractive force in dynes, / the magnetic induction, 
and S the area of the end of the bar in square centimeters. The 
experiment described in this paper is an attempt to test this law for 
objects not in immediate contact with the magnet. 


1.27 CM, 80 CM. 
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Fig. 1. 


Following the method of Ewing (Magnetic Induction in Iron and 
Other Metals) 2 was determined from the formula 2 = 47/+ H 


and 
OV’ F, tan @ 


OO 
7a = 


' Kapp, Dynathos, Alternators, and ‘lransformers, pp. 51-68. 
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Where OQ and OQ’ are distances from the magnetometer needle to 
the ends of the magnet; a is the axis of the core of the magnet ; 
F, is the value of // at the point considered. In this case /, = 
0.138. Since H may be neglected in comparison with / we have 


| 4zO0Q? F, tan | 
| 


OO 3 


All other terms being constants we wish to discover if d« tan’? @. 


MICROM MICROSCOPE 


Fig. 2. 


The apparatus, as seen in the Figs. 1 and 2, consisted of an 
electromagnet which had for a core a cylindrical soft-iron bar 
2.6 x 67.0 cm. surrounded by a brass tube around which was 
wound the solenoid of two layers of wire, each of 6.5 turns to the 
centimeter. Above this was supported a copper bar 50.0 x 1.27 x 
0.21 cm., from which was suspended a soft-iron sphere 4 cm. in 
diameter, directly over the magnet. The deflections of this bar 
were measured by a micrometer microscope focused on a black silk 
fiber stretched over the center of one side. A magnetometer was 
placed 158 cm. and afterwards at 135 cm. from the magnet, and its 
deflections were read by use of a telescope and scale. 
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The experiment consisted simply in reading the deflection of the 
magnetometer needle, and the approach of the sphere to the magnet 
when a current was sent through the coils. The tables and plots 
are self-explanatory. In making the latter allowance was made 
for the fact that as the sphere approached the magnet the attraction 
increased according to the law of inverse squares. This was neces- 
sarily rough as the magnet’s action was complex. 


TABLE I. II. 
Magneto. Magneto- 
Amperes. Tan? 6 Amperes. Tan? 6 
Reading. Reaoing. 
4.6 .000289 -32 5.7 -000445 
.98 6.5 .000576 .64 1.02 7.8 .000835 .50 
1.27 8.7 .001037 1.01 1.42 .001756 95 
1.62 11.4 .001781 1.51 1.99 16.3 .003721 1.95 
1.96 14.0 .002694 2.11 2.34 18.5 .004720 2.81 
2.41 i723 .004121 3.21 2.84 22.3 .006872 4.23 
2.65 19.1 .005027 4.01 3.05 23.7 .007762 5.05 
3.05 21.6 .006432 5.16 3.61 27.1 .010201 6.87 
3.30 23.6 .007691 6.07 3.98 28.9 .011664 7.85 
3.61 25.3 .009044 7.16 4.43 30.8 .013225 9.06 
4.01 26.8 .009960 8.09 5.08 32.9 .015129 10.26 
4.48 28.3 .011025 9.13 


5.13 30.1 .012544 10.49 


At the conclusion of each reading the micrometer was tested for 
the zero point, and it was found that errors due to residual magnet- 
ism or the instability of the apparatus were negligible. 
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Fig. 4. 


The exact relation between the induction and the attractive force 
expressed in Kapp’s formula does not hold for objects at a distance 
from the magnet; but so far as these observations go they bear a 


constant relation to each other. 


THE PuysicaAL LAnoraTory, 
UNIVERSITY OF MAINE. 
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A CELL FOR MEASURING THE ELECTRICAL 
RESISTANCE OF LIQUIDS. 


By W. WALTER DINWIDDIE. 


LL instruments for a student laboratory should be so devised 
that the student can go to the bottom of what he is investi- 
gating without having to take anything on faith. In the usual 
forms of cells for measuring the resistance of liquids (Stewart and 
Gee, Elementary Practical Physics, Vol. 2, page 219), the student 
will either have to take the constant of the cell as given by the in- 
strument maker, or use it first to measure the resistance of some 
liquid of which the resistance is assumed. 
A very simple cell for determining the resistance of an electrolyte 
by Kohlrausch’s method, which is free from this objection, may be 
constructed as follows: 


{05 — 
AMALGAMATED COPPER ELECTRODE 
\ 


LARGE GLASS TUBE, WITH END SEALED 
AND HOLE BLOWN IN ONE SIDE. CORK re = 


CELL FOR MEASURING THE RESISTANCE OF LIQUIDS 


Select a glass tube of uniform bore; cut it off a little more than 
a meter in length, then grind the end off until it is exactly one 
meter. Short pieces of tube of a much greater diameter, with the 
ends sealed and a large hole blown out on the side, are fitted on 
the ends with corks. The corks should be coated on the inside 
with shellac, or some substance not acted on by the liquid used. 

The electrodes are made of copper, with one side ground smooth 
and amalgamated. 

The tube is weighed with two small discs of glass to cover the 
ends, it is then filled with water and again weighed. Mercury may 
be used in place of water with some advantage, as it may be poured 
out and weighed alone. 
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One of the cells which the writer has constructed was found to 
contain 49.83 grammes of water at 26° C., at which the density of 
water is .g969, which gives .49902 sq. cm. for the mean cross-sec- 
tion. If the cross-section varies considerably a correction may be 
applied (Kohlrausch Physical Measurements, page 304), but the 
ones I have used were very nearly uniform. 

In using the instrument the electrodes are first placed together 
and the resistance measured, then they are placed at the ends of 
the tube and the resistance measured again. The difference is the 
resistance of the liquid in the tube. 


WASHINGTON, D. C., 
June 14, 1902. 
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ALFRED CORNU. 
3y GEORGE K. BURGEss. 


Y the death of M. Alfred Cornu, taken from his work in the 
prime of an active life, France has lost the senior member in 
physics of the Academy of Sciences and a well beloved teacher in 
the Ecole Polytechnique, and the scientific world has lost with 
France a most able investigator and authority on physics, the suc- 
cessor of Fresnel and Fizeau. 

Cornu began his work early in life in his chosen field of optics, 
his earliest work being on the mathematical theory of light, exe- 
cuted in the sixties and presented in a memoir to the Academy. 
In 1867 at the age of twenty-six he was appointed to the professor- 
ship in physics at the Ecole Polytechnique, where he had been a 
student, a post that he filled with great distinction until his death 
last April. 

In the early seventies he was engaged in the prosecution of three 
lines of experimental work all requiring the greatest skill,—the 
measurement of the velocity of light, the determination of the mean 
density of the earth, and a study of musical intervals. The year 
1878 witnessed the brilliant completion of some six investigations 
of great value and their author was rewarded by the La Cage prize 
that year for the best work in physics and also by election to the 
Academy of Seiences to the chair of the second Becquerel. 

Although Cornu devoted his energies to a considerable variety 
of questions in electricity, meteorology, astronomy and acoustics 
his work in optics is most prominent. He improved many optical 
instruments and methods and all his work is characterized by a 
directness, simplicity, and ready adaptation to the end in view; 
witness his photometer, his work in diffraction by the graphical 
representation of Fresnel’s integrals by ‘‘Cornu’s spirals,’ and his 


recent improvements of certain astronomical instruments. Among 
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the subjects that he shed light upon are the theory of reflection, dif- 
fraction, spectroscopy, double refraction, polarization, interference 
photometry, halos, photography, the relation of velocity to resist- 
ance in a medium, electrical machines, clocks, magnetism, and as- 
tronomy. Since 1885 there is not a volume of the Comptes Ren- 
dus that does not contain a valuable article from his pen. He was 
the first contributor to the Journal de Physique upon its foundation 
in 1872, and much of his work is naturally published there. 

In 1879 he was a member of the French Transit of Venus Com- 
mission, and in 1886 he was made a member of the Bureau des 
Longitudes, the most distinguished scientific position in the gift of 
the French government. The Academy honored him by electing 
him its president in 1896—the year that Fizeau died—and his noble 
ideal is perhaps best given in the words of his inaugural address on 
that occasion : 

‘Utilitarianism is indeed one of the illnesses of our modern so- 
ciety, perhaps one of the gravest, because it tends to clip the wings 
of human flight towards the ideal and to lower it to the exclusive 
worship of material interests. The history of the great discoveries 
of the century, fruit of long, disinterested study, should on the 
contrary show that the sum of real progress is less in the exploiting 
of results acquired than in free, abstract, even fantastic investiga- 
tions, in a word, in pure, independent science, wide open to all 
aspirations of the intellect.” 

A man who before large classes of young men was a teacher of 
great persuasion, with an unrivalled power of simplicity of presen- 
tation and clearness of exposition and a seldom equalled skill in 
demonstration, he was engaged in imparting to the youth of his 
country the common stock of physical knowledge and inspiring 
them with a love of scientific truth. As a member of the Bureau 
des Longitudes, engaged as an organizer of scientific facts and a 
leader in scientific discovery—this position above all marks him as 
one of the great authorities in physical science in his country. As 
a member of the Institute he was in the front rank of the great 
progressive movement of modern science as is shown by the rare 
value of his publications in the Comptes Rendus of that body— 
and it is hardly necessary to say that beyond the limits of France 
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he was also recognized as one of the eminent modern physicists, 
who, understanding and appreciating the traditions of scientific de- 
velopment in France as represented by the Institute, was yet in the 
front of the many-sided modern expansion of scentific influence. 

As president of the French Physical Society he was recognized 
by younger men as their leader, and as a presiding officer he mani- 
fested those inborn qualities of tact, congenial appreciation, sym- 
pathetic attention and promptness, combined with an unusual felicity 
of speech—qualities that endear a president to his colleagues. 

I have seen him, presiding at a meeting of the Physical Society, 
listen attentively, turned considerably with seemingly unflagged inter- 
est, while some less gifted physicist spent some two hours laboriously 
covering the details of an investigation, and then with a few well- 
chosen words of summing up and discriminating appreciation, said 
with such freshness and to the point, that the two hours were for- 
gotten, or better, pleasantly remembered. 

In the best sense of the word Cornu was a popularizer of science, 
particularly of applied science, as a glance over his contributions to 
the Annuaire du Bureau des Longitudes will show. He had the 
faculty of expressing most simply and directly yet thoroughly the 
results of any intricate scientific inquiry. 

Pure science alone was not the limit of his field of activity and 
usefulness. As many other eminent French savants, Cornu was 
intensely interested in the welfare and good name of French indus- 
tries. He wrote the introduction to the catalogue of optical instru- 
ments and of instruments of precision at the last Paris Exposition, 
and in many other ways gave his energy to the development of the 
construction of instruments that in many respects have not been 
equalled in other countries. He, in accordance with that admirable 
French tradition which separates the commercial so sharply from 
the professional, although the inventor of many optical instruments, 
never took out a patent. 

His great scientific and administrative abilities were recognized 
also in his appointment as director of the Nice Observatory, re- 
cently given to the University of Paris. He was too a valuable 
member of the International Committee of Weights and Meas- 
ures. 
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The last eminent position held by M. Cornu that brought him 
before the world of physicists was as President of the International 
Physics Congress held at Paris in 1900. The unqualified success 
of that Congress is a tribute to his genius as an organizer and as an 
inspirer of confidence. His charming personality, graciousness of 
address, cordiality of reception, frankness of manner and serious- 
ness of purpose marked him as of that rare combination of the 
eminent man of science, the skilful executive and polished gentleman. 

He was much sought after these last years to deliver public ad- 
dresses, and the temper of the man is well shown in the close of his 
eulogy on Arago, which may be applied to himself: 

‘‘T cease, gentlemen, moved by the desire to recall some of the 
greatest of Arago’s qualities. I perceive that many pages would be 
necessary to finish the sketch, however crude, of such a fruitful 
career. This task, besides, was not for me to perform; it has 
already been done on other solemn occasions by our masters, with 
an eloquence of which we have guarded a living memory ; I should 
even have made excuse for speaking after them, if it were allowed 
to remain silent when we have to render homage to one of the 
noblest servants of science, of his country, of humanity.”’ 


UNIVERSITY OF CALIFORNIA, 
May, 1902. 
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REFERENCES TO PAPERS ON LOW TEMPERATURE 
RESEARCH. 


By J. S. SHEARER. 


“THE rapid extension of facilities for research at low temperatures 

following the development of simple means for the lique- 
faction of gases makes a summary of papers dealing with recent 
work in this field quite convenient. 

The following list begins with 1890. Doubtless many articles 
have been overlooked, but it is hoped that the list is fairly com- 
plete. The only intentional omissions are of papers entirely contro- 
versial in nature which add but little to our knowledge. References 
to the earlier literature may be found in Hardin’s “ Liquefaction of 
Gases ’”’ and in the papers of Dewar and Olzewski. 


LIQUEFACTION OF GASES. 
Heilborn, E. Zusammenstellung der bisher ermittelten kritischen Daten 
1891 der Fliissigkeiten. Zeit. fiir Physikalische Chemie, 7, p. 601. 


Dewar. Experiments in the Liquefaction of Hydrogen. ‘Times, Septem- 
1894 ber 1; Chemical News, September 7. 


Kuenen. Onthe condensation ofa mixture of two gases. Leid. Comm., 
1894 No. 13. 

Solvay. Sur la production mécanique des températures extrémes. 
1895 Comptes Rendus, 121, p. 1141. 

Estreicher. On the Pressures of Saturation of Oxygen. Phil. Mag., 
1895 40, p. 454. 

Dewar. The Liquefaction of Gases. Phil. Mag., 39, p. 298. 
1895 


Olzewski. ‘‘ List of my Researches, of which I have specified the most 
1895 important results in the foregoing summary.’’ Phil. Mag., 39, 


pp. 211, 212. 
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Onnes, H. K. Bemerkungen iiber das Verfliissigen von Wasserstoff, iiber 
1895 thermodynamische Gleichformigkeit und iiber die Anwendung 
von Vakuumgliasern. Com. Leid. Lab., No. 23. 


Olzewski. The Liquefaction and Solidification of Argon. Trans. Roy. 
1895 Soc., p. 253. 

Muir. The Liquefaction of Gases. Nature, 51, p. 364. 
1895 

Olzewski. On the Liquefaction of Gases. Phil. Mag., 39, pp. 188-212. 
1895 

Tilden, W. L’appareil du Dr. Hampson pour la liquéfaction de l’air et 
1896 des gaz. Rev. génér. des sciences, 7, p. 329. 

Hampson. ‘The Hampson System of Liquefying Gases. Engineer, 81, 
1896p. 310. 

Linde. Process and Apparatus for Attaining Lowest Temperatures, for 
1896 Liquefying Gases, and for Mechanically Separating Gas Mix- 

tures. Engineer, 82, pp. 485, 509. 

Olzewski. Ein Versuch das Helium zu Verfliissigen. Wied. Ann., 59, 
1896p. 184. 

Linde, C. Erzielung Niedrigster Temperaturen, Gasverfliissigung. 
1896 Wied. Ann., 57, p. 328. 

Olzewski (Travers). A Research on the Liquefaction of Helium. 
1896 Nature, 54, p. 377. 

Onnes, H. K. Remarks on the liquefaction of Hydrogen, on thermo- 
1896 dynamical similarity and on the use of vacuum vessels. Leid. 

Comm., No. 23. 

Moissan & Dewar. Nouvelles expériences sur la liquéfaction du fluor. 

1897 Comptes Rendus, 120, p. 505. 


Altschul. Komprimirtes und fliissiges Acetylene. Zeit. f. comp. u. 
1897  fliiss. Gase, 1 Jahrg., p. 30. 

Thiesen. Wann werden Gase fliissig? Zeit. f. comp. u. fliiss. Gase, 1 
1897 Jahrg., p. 86. 

Moissan & Dewar. Sur la liquefaction du fluor. Comptes Rendus, 
1897 1897, t. 124, p. 1202. 

Linde. Apparat zur Herstellung sehr niedriger Temperaturen und zur 
1897 Verfliissigung und Fracktionirung der Gase. Zeit. f. Elec. 

chemie, 4, p. 2. 

Hampson, W. Liquefaction of Air by Self-Intensive Refrigeration. En- 

1897 gineer, 83, p. 294. 
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Lorenz, H. Maschine zur Erzielung niedrigster Temperaturen, zur Gas- 
1897 verfliissigung und zur mechanischen Trennung von Gasgemi- 
schen. Zeit. ges. Kialte Ind., 4, p. 44. 


Duhem, P. On the Liquefaction of a Mixture of Two Gases. Jour. 
1897 Phys. Chem., 1, p. 273. 


Dewar. Sur la liquéfaction de l’hydrogéne et de l’hélium. Comptes 

1898 Rendus, 126, p. 1408; Annales de Chimie, 7° ser., 14, 
145. 

1898 Liquid Hydrogen. Phil. Mag., 45, p. 543. 

1898 Liquefaction of Hydrogen and Helium. Times, May 11, 
1898. 

1898 Preliminary Communication on the Liquefaction of Hydrogen 
and Helium. Proc. Roy. Soc., 63, pp. 231, 256. 

1898 Note on the Liquefaction of Hydrogen and Helium. Journ. 
Chem. Soc., 1898, 73, p. 528. 


Kuenen. Ueber den Einfluss von Beimischungen auf die Erscheinungen 
1898 beim Verfliissigen von Gasen. Zeit. f. Comp. u. fliiss. Gase, 1 
Jahrg., No. 9, p. 153. 
Dewar. The Liquefaction of Hydrogen and Helium. Proc. Chem. 
1898 Soc., 14, p. 129. 


Rayleigh. Liquid Air at One Operation. Nature, 58, p. 199. 
1898 

Claude, G. Sur la liquéfaction de |’air par détente avec production de 
1899 _ travail extérieur. Comptes Rendus, 129, p. 500. 


Dewar. Liquid Hydrogen. Proc. Roy. Inst., 16, p. 1. 
1899 
1899 Liquid Hydrogen. Proc. Roy. Inst., 16, p. 212. 
1899 Sur la solidification de l’hydrogéne. Annales de Chimie, 18, 
Pp. 145- 
Onnes, H. K. Methods and apparatus used in the Cryogenic Lab- 
1900 oratory. Mercury pump for compressing pure and costly gases 
under high pressure. Leid. Comm., Nos. 51, 54. 


Claude, G. Sur |’extraction de |’oxygéne de |’air par dissolution a basse 
1900 température. Comptes Rendus, 131, p. 447. 
1900 Sur la liquéfaction de l’air par détente avec production de 
travail extérieur. Comptes Rendus, 131, p. 500. 


Caye, G. Fabrikation fliissiger Luft nach dem Verfahren Ostergreen und 
1900 Burger. La Nature, p. 12. 


f 
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Moissan. Sur une nouvelle méthode de manipulation des gaz liquéfiés 
1901 en tubes scellés. Comptes Rendus, 133, p. 768. 


Travers. On the liquefaction of Hydrogen. Phil .Mag., 1, p. 411. 
1901 Phys. Soc., London, July, p. 561. 

Mewes. Kiihlverfahren mit bewinnung aiisserer Arbeit. Zeit. f. K4l- 
IQOI_ teindustrie, p. 151. 

Olzewski. The Temperature of Inversion of the Joule-Kelvin Effect for 
1901. Hydrogen. Akad. Sci. Cracoire, Dec., 1901. Also Phil. 

Mag., Series VI., Vol. 3, p. 535. 

Kausch, Die Verfliissigung des Luft. Zeit. f. komp. u. fliiss. Gase. 5 

1902. Jahrg., 11, pp. 171, 187. 


MEASUREMENT OF LOW TEMPERATURES. 
Onnes, H. K. On the Measurement of very Low Temperatures. Leid. 
1896 Comm., No. 27. 
Holborn u. Wien. Uber die Messung tiefer Temperaturen. Sitz. der 
1896 d. Akad. d. Wiss., Berlin, p. 673. 
1896 Messung tiefer Temperaturen. Wied. Ann., 59, p. 213. 
Dickson. On Platinum Temperatures. Phil. Mag., 44, p. 445. 
1897 


Kohlrausch, F. ‘Thermometer fiir sehr tiefe Temperaturen und Warme 
1897 ausdehnung des Petrolithers. Wied. Ann., 60, p. 463. 


Dickson. ‘The Reduction to Normal Air Temperatures of the Platinum 
1898 Thermometer in the Low Temperature Researches of Profes- 
sors Dewar and Fleming. Phil. Mag., 45, p. 525. 
Callendar. Notes on Platinum Thermometry. Phil. Mag., 47, p. 191. 
1899. 
Ladenburg u. Kriigel. Uber die Messung tiefer Temperaturen. Chem. 
1900. Ber., 32, p. 1818. 
Mewes, R. Uber das Kohlrausch’sche Petrolither Thermometer. Zeit. 
1900 f. comp. u. fliiss. Gase, p. 140. 
Onnes & Boudin. On the measurement of very low temperatures. 
1900 _ Leid. Comm., No. 60. 
Dewar. Determination of Boiling point of liquid Hydrogen by the 
1901 Hydrogen and Helium Gas Thermometer. Am. Jour. Science, 
11, p. 291; Ann. de Chim. et de Phys., 23, p. 417. 
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Baudin. Sur un thermométre a éther de pétrole. Comptes Rendus, 
IQOI 133, p. 1207. 


Hellat, H. Méthode permettant d’évaluer en values absolues les trés 
1901 basses températures. Comptes Rendus, 133, p. 921. 


Holborn, L. Untersuchungen iiber Platinwiderstand und Petrolither- 
1901 thermometer. Drude Ann., 6, p. 242. 


Rothe. Ueber einen Thermostaten fiir tiefe emperaturen und seine 
1902 Anwendung bei der Vergleichung von Thermoelementen. Zeit. 
f. Instrumentenkunde, January, p. 14. 


ELECTRICAL AND MAGNETIC PHENOMENA. 


Dewar. On the Electrical Resistance of pure Metals, Alloys and Non- 
1892 metals at the Boiling Point of Oxygen. Phil. Mag., 34, 


p. 326. 


Dewar & Fleming. ‘The Electrical Resistance of Metals and Alloys at 
1893 ‘Temperatures approaching the Absolute Zero. Phil. Mag., 
36, p. 271; Electrician, 31, p. 529. 


Liveing & Dewar. Preliminary Note on the Spectrum of the Electric 

1894 Discharge in Liquid Oxygen, Air and Nitrogen. Phil. Mag., 
35, 235. 

Pictet, R. Einfluss niedriger Temperaturen auf die Anziehungskraft 

1895 kiinstlicher permanenter Magnete, Comptes Rendus, 120, 


p. 263. 


Fleming & Dewar. ‘Ihe Variation in the Electric Resistance of Bis- 
1895 muth when Cooled to the Temperature of Solid Air. Phil. 
Mag., 40, p. 303; Elec., 35, p. 612. 
1895 ‘Thermo-electric Powers of Metals and Alloys between the 
Temperatures of the Boiling Point of Water and the Boiling 
Point of Liquid Air. Phil. Mag., 40, p. 95; Elec., 35, 
p- 365. 
1896 Electrical Resistance of Bismuth. Proc. Roy. Soc., 60, p. 6. 
1896 Dielectric Constants of Liquid Oxygen and Liquid Air. Proc. 
Roy. Soc., 60, p. 358. 
1896 Changes produced in Magnetized Iron and Steels by Coo - 
ing to the Temperature of Liquid Air. Proc. Roy. Soc., 60, 
57- 
Dewar. Electric and Magnetic Research at Low Temperatures. Elec., 
1896 37, pp. 301-338; Proc. Roy. Inst., 15, p. 239. 
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Fleming & Dewar. Electrical Resistivity of Pure Mercury at the Tem- 

1896 perature of Liquid Air. Proc. Roy. Soc., 60, p. 76. 

1896 Magnetic Permeability and Hysteresis of Iron at Low Tempera- 
tures. Proc. Roy. Soc., 60, p. 81. 

1896 Electrical Resistivity of Bismuth at the Temperature of Liquid 
Air. Proc. Roy. Soc., 60, p. 72. 

1896 Magnetic Permeability of Liquid Oxygen and Liquid Air. 
Proc. Roy. Soc., 60, p. 283. 

1897 Dielectric Constants of Pure Ice, Glycerine, Nitro-Benzol and 
Ethylene Dibromide at and above the Temperature of Liquid 
Air. Proc. Roy. Soc., 61, p. 316. 

1897 Dielectric Constants of Ice and Alcohol at very Low Tempera- 
tures. Proc. Roy. Soc., 61, p. 2. 

1897 Further Observations on the, Dielectric Constants of Frozen 
Electrolytes at and above the Temperature of Liquid Air. Proc. 
Roy. Soc., 61, p. 380. 

1897 Dielectric Constants of Metallic Oxides Dissolved or Suspended 
in Ice Cooled to the Temperature of Liquid Air. Proc. Roy. 
Soc., 61, p. 368. 

1897 Electrical Resistivity of Electrolytic Bismuth at Low Tempera- 
tures and in Magnetic Fields. Proc. Roy. Soc., 60, p. 425. 


Dewar. Electric Research at Low Temperatures. Elec., 39, p. 645. 
1897 
1897 Note on some further Determinations of the Dielectric Con- 
stants of Organic Bodies and Electrolytes at very Low Tempera- 
tures. Proc. Roy. Soc., 62, p. 250. 


Fleming & Dewar. Dielectric Constants of certain Frozen Electrolytes 
1897 at and above the Temperature of Liquid Air. Proc. Roy. Soc., 
61, p. 299. 
1897 Dielectric Constants of certain Organic Bodies at and below the 
Temperature of Liquid Air. Proc. Roy. Soc., 61, p. 358. 


Abegg, R. Dielectricitatsconstanten bei tiefen Temperaturen. Wied. 
1897 Ann., 60, p. 54. 
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NEW BOOKS. 


The Principles of Inorganic Chemistry. By WiLneLM OsTWwaLpn ; 
translated by ALEXANDER FINDLAy. Pp. xxviii + 785. London, 
Macmillan and Co., 1902. 

This translation brings into excellent English form the well-known re- 
cent work of Ostwald on General Chemistry. It is of great interest to 
the physicist to note the treatment accorded to the Elements of Chemis- 
try by one to whom that important newer department of the science 
which goes by the name of physical chemistry owes so much. The physi- 
cist expects to find the physics of chemistry proper more adequately treated 
than has usually been the case in such text-books ; and in this expecta- 
tion he is in nowise disappointed. 

The introduction of what may be called fhysics proper into books on 
chemistry is, of course, no new thing. Nearly all of the earlier authors 
found it necessary to devote a considerable space to the elucidation of 
such of the facts and principles of their sister science as were deemed 
necessary to the chemist. Thus the first 160 pages of Wohler’s transla- 
tion of Berzelius’s celebrated text-book of chemistry were given up toa 
preliminary outline of the principles of physics and this illustrious exam- 
ple was followed by many other authors at the beginning of the nine- 
teenth century. 

With the development of physics teaching in the universities this prac- 
tice was gradually abandoned ; but it has been taken up again by Ostwald 
and extended greatly beyond the original limits. Ostwald, to be sure, 
does not devote a separate and distinct portion of his book to the treat- 
ment of physics but introduces the subject from time to time as it may 
be needed. He deals, for example, with the general conceptions of “me 
and space, mass, weight, work and the forms of energy in his introductory 
chapters ; restates and discusses Boy/e’s Law and the Law of Gay-Lussac 
and also the subject of ¢/emperature in his chapter on oxygen; and so on 
to the end of the volume. The extent to which the physics of water is 
dealt with in the chapter devoted to that compound may be indicated 
briefly by noting that the topics in this chapter include density, the 
coefficient of expansion, the degrees of freedom of liquid water, the proper- 
ties of ice, super-cooling, heat of fusion and solidification, boiling, the hea 
of vaporization, super-heating, the influence of pressure on the melting point 
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of ice, and the relations between the changes of the vapor pressure and of 
the freezing point. In pursuance of this plan of introducing appropriate 
physical conceptions from time to time throughout the book we find the 
critical phenomena of vapors discussed in the paragraphs dealing with 
the compounds of carbon ; voltaic cells and their electromotive forces on 
the chapter on copper ; storage batteries in the chapter on lead ; and the 
Clark cell in that on mercury, ete. 

Ostwald has not the justification of the earlier writers for this inter- 
mingling of the two sciences. Physics, like chemistry, is now taught 
everywhere. Are we to infer that he has been led to the introduction of 
so much that is universally familiar in elementary physics into his work 
because even in Germany he finds that students of chemistry are not ac- 
quainted with these matters, or is it a recognition that the two sciences 
are in reality one and inseparable and that there is no reason for attempt- 
ing to distinguish between them? Surely there is nothing save the limita- 
tions of space and time to dictate the exclusion, as extraneous, from a 
text-book on the elements of chemistry, of elementary physics. ‘There 
is no better time for the study of physics than when one is learning 
chemistry and ce versa. E. L. N. 
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ELECTRICALLY-DRIVEN TUNING FORK 


The tuning fork is ten inches long and very heavy. The vibrating device is so ar 
ranged that there is practically no buzzing and the note from the fork is full and clear, 
Weights to be attached to the prongs of the fork are provided so that any desired pitch 
ean be obtained up to middle C 

We can also turnish a mounted fork without the vibrator which can be used in series 
with the above 

Uhese are very useful pieces of apparatus for experimenting with Sound Waves 


Lhe price is very low Correspondence solicited 


ZIEGLER ELECTRIC CO., 141 Franklin St., BOSTON, MASS. 
Send for a copy of Physical Catalogue No. 10. 


CROMPTON POTENTIOMETER SYSTEM. 
STANDARD STRIP FOR CURRENTS UP TO 2,000 AMPERES. 


A descriptive pamphlet will be sent on application to 


CROMPTON & Co., LIMITED, 
CHELMSFORD, ENGLAND. 
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Announcements of Scientific Books 
Recently Issued or in Press. 


JONES.—The Elements of Physical Chemistry. by Harry C. Jonrs, As- 
sociate Professor of Physical Chemistry in the Johns Hopkins University. Author 
of ** Electrolytic Dissociation.’’ Cloth, 8vo, $4.00 met ; postage, 23c. 


HIORNS.—Metallography. An |ntroduction to the Study of the Structure of Metals, 
Chiefly by the Aid of the Microscope. By ARTHUR II. Hiokns, Author of 
‘* Elementary Metallurgy,’’ ‘* Mixed Metals or Metallic Alloys,’’ ‘* Metal Col- 
ouring and Bronzing,”’ etc. c. 158 p. il. Svo, net $1.40. Postage, 8c. 


TRAVERS.—An Experimental Study of Gases. An Account of the Experi- 
mental Methods involved in the Determination of the Properties of Gases, and of 
the more important Researches connected with the subject. By Morris W. 
TRAVERS, of University College, London. With a Preface by Professor W1-- 
LIAM RAMSAY, F.R.S., etc. Cloth, 8vo, $3.25 met; postage, ISec. 


RIDER.—Electric Traction. ly J. H. Riper, A.M.I.C.E. Cloth, 12mo. 
The volume deals with the following subjects; Permanent Way Overhead System. 
Conduit Systems. Surface Contact Systems. Accumulators. Motors. Controllers. 
Truck and Cars. Generating Plants, Switchboards. Combined Lighting and 
Traction Stations. Electric Railways, Electric Haulage, etc. 


BJORLING. - Pipes and Tubes. ‘heir Construction and Jointing, together with 
all necessary Rules, Formule and Tables. By PHILIP BJORLING, Hydraulic 
Consulting Engineer, Author of ** Mechanical Engineer’s Pocket Book.’’ 

With 191 Illustrations. 244 p. 12mo, cl., $1.00. 


BODMER..~ The Inspection of Railway Materials. By G.R. Boomer, A.M., 
Inst. C.E., Author of ** Hydraulic Motors,’’ etc. 
With 3 Plates and 19 Diagrams. 9 + 154 p. 12mo, cl., $1.50. 


COOKE.—Some Recent Deve'opments in Locomotive Practice. by. |. 
BowEN Cooke, Assistant Running Superintendent, Locomotive Department, 

L. & N. W. Rly., Author of ‘* British Locomotives.’’ 
8 + 75 p. il. 8vo, cl., $1.00. 


SENNETT.—Horseless Road Locomotion: Its History and Modern De- 
velopment. By A. R. SENNETT. 2 vols. Illustrated. Cloth, 8vo. 


BOTTONE.—Galvanic Batteries: Their Theory, Construction and Use. 
By S. R. Borrong, Author of ‘* The Dynamo,”’ ‘* A Guide to Electric Lighting,”’ 
etc. Illustrated, This latest volume by Mr. Bottone comprises Single Fluid, 


Double Fluid, Gas Batteries, Primary and Secondary Cells. Cloth, 12mo. 


THOMSON.—The Electrical Properties of Gases. ly J. J. Thomson, M.A., 


F.R.S., Professor of Experimental Physics in the University of Cambridge. 


Books published at NET prices are sold by booksellers everywhere at the advertised NET prices. 
When delivered from the publishers, carriage, either postage or expressage, is an extra charge. 


THE MACMILLAN COMPANY, New York: 66 Fifth Avenue 
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Publications on Astronomy, etc. 


By THE MACMILLAN COMPANY, New York. 


By FOREST RAY MOULTON, Pi.D., 


Associated Professor of Astronomy, Chicago University. 


An Introduction to Celestial Mechanics 


Cloth, 8vo. Illustrated. Published Sept. 24. $3.50 net (postage 18c. ). 


This work is intended to bridge the chasm between a respectable knowledge of ele- 
mentary astronomy and the higher college mathematics, and the memoirs and treatises on 
celestial mechanics. In accordance with the modern methods in mathematics especial 
attention has been paid to explicitness in the statement of problems and to sharpness of 
definitions; and the nature and extent of the approximations have been explained 
wherever it has been necessary to introduce them. Numerous exercises and questions 
have been added, and more difficult problems or investigation are frequently suggested. 
A brief historical sketch is appended to each chapter, together with a short bibliography 
and suggestions for further reading along the same lines. 


By Sir ROBERT BALL, LL.D. 


The Elements of Astronomy 


By the author of “6 Star- 
land,”’ ‘* Atlas of Astron- 
omy,’ ** The Story of the 
Sun,’ ‘* The Theory of 


rews, elc., ele. 


By Sir ROBERT BALL, LL.D., Lowndean Professor 
of Astronomy and Geometry in the University of 
Cambridge, formerly Royal Astronomer of Ireland. 

Cloth, illustrated, 80 cents ez ; postage 9 cts. 


By A. W. BICKERTON 


The Romance of the Heavens 


By A. W. BICKERTON, Professor of Chemistry, Canterbury College, Christchurch, 
New Zealand University, Author of ‘* The Romance of the Earth.’’ 
Cloth, 1r2mo, $1.25; postage 11 cts. 


By Sir NORMAN LOCKYER, K.C.B. 


Recent and Coming Eclipses 
Accounts of Observations By Sir NORMAN LOCKYER, K.C.B., F.R.S., author 


in India, 1898, with Condi- of ‘*The Sun’s Place in Nature,’’ etc. Second 
tions of Eclipses of 1900, Edition. l\ustrated, Cloth, 8vo, $2.00 
1901 and 1905. Postage 15 cts. 


Send for our Monthly bulletin on new publications. Address, 


THE MACMILLAN COMPANY, 66 Fifth Ave., New York 
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Standard Text-Books on General Physics 


SLATE.—Physics: A Text-book for Secondary Schools. ly lrenenick 
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CAJORI.—A History of Physics. In its Elementary Branches, including the Evo- 
lution of Physical Laboratories. By FLortan Cajori, Ph.D., Professor in Phys- 
ics in Colorado College, Author of ‘* A History of Mathematies,’’ ‘* A History of 
Elementary Mathematics,’’ ete. Cloth, Cr., 8vo, $1.60, met, postage 15 cts. 


CREW.—The Elements of Physics for Use in High Schools. ly Iexny 
CrEwW, Ph. D., Northwestern University. 
Second Edition, Revised. Cloth, $1.10, mf, postage 12 cts. 


CHRISTIANSEN.— Elements of Theoretical Physics. bby Prorrsson ©. 
CHRISTIANSEN, University of Copenhagen. Translated by W. F. Macir, Ph.D., 
Professor of Physics, Princeton University. Cloth, 8vo, $3.25, e¢, postage 17 cts. 


MATTHEWS and SHEARER.—Problems and Questions on Physics. 


CHARLES M.E., Purdue University, and JOHN B.S., 
Cornell University. | 8vo, cloth, pp. 247 + 4, price, $1.60, met, postage 13 cts. 


STEWART.—Lessons on Elementary Practical Physics. by Batrour 
STEWART, A.M., LL.D., F.R.S., and W. W. HALDANE GEE. 
Vol. I. General Physical Processes. 12mo, $1.50, ne/,; postage 9 ete. 
Vol. Il. Electricity and Magnetism. $2.25, we/, postage 12 cts. 
Vol. III. Part I. Practical Acoustics. $1.10, e/; postage g cts. 
Part Il. Heat and Light. ‘ration, 


NICHOLS.—Laboratory Manual of Physics and Applied Electricity. Ar- 
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Vol. Junior Course in General Physics. and 
FREDERICK J. ROGERs. Cloth, price, $3.00, me/; postage 15 cts. 


Vol. Il. Senior Courses and Outlines of Advanced Work. By Gronce 
S. Mover, FREDERICK Homer Hotcukiss, CHAS P. Mart- 
THEWS, and THE Epitor. Cloth, price, $3.25, e/; postage 15 cts. 


NICHOLS and FRANKLIN. The Elements of Physics. lby bowarp L. 
NICHOLS and W. S. FRANKLIN. 
In three volumes. ach, cloth, 8vo, $1.50 me/,; postage 15 cts. 


A large proportion of the students for whom primarily this Manual is imtended are preparing to 


become engineers, and special attention has been devoted tothe needs of that class of readers. 


Books published at NET prices are sold by booksellers everywhere at the advertised NET prices. 


When delivered from the publishers, carriage, either postage or expressage, is an extra charge. 


THE MACMILLAN COMPANY, New York: 66 Fifth Avenue 
BOSTON CHICAGO SAN FRANCISCO 
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Mathematical and Physical Publications 


Geometric Exercises in Paper-Folding 


By ‘T. SUNDARA Row. Edited and revised by W. W. BeMANn and 
With many half-tone engravings from photographs of actual exercises, and a pack 
age of papers for folding. Pages x, 148. Price, cloth, $1.00 wef (4s. Od. mest), 
** LT have sought not only to aid the teaching of geometry in schools and colleges, 

but also to atlord mathematical recreation to young and old, in an attractive and cheap 

form. * Old boys’ like myself may find the book useful to revive their old lessons, and 
to have a peep into modern developments which, although very interesting and instruc 
tive, have been ignored by university teachers.’’—/vem the Author's Preface, 


Essays on the Theory of Numbers 


(1) Continuity and Irrational Numbers; (2) ‘The Nature and Meaning of Numbers. 
By Richakp From the German by W. W. BemMan. Pp. 115. 
Cloth, 75 cents (38. net). 

These essays mark one of the distinct stages in the development of the theory of 
numbers. ‘They give the foundation upon which the whole science of numbers may be 
established. “The first can be read without any technical, philosophic or mathematical 
knowledge ; the second requires more power of abstraction for its perusal, but power of 
a logical nature only, 


Elementary Illustrations of the Differential and 
Integral Calculus 


By Aucusrus DE MorGan. Newreprint edition, With sub-heads and bibliography of 
English and foreign works on the Calculus. Price, cloth, $1.00 me/ (4s. Od ner). 
‘* Tt aims not at helping students to cram for examinations, but to give a scientific 
explanation of the rationale of these branches of mathematics. Like all that De Morgan 
wrote, it is accurate, clear and philosophic.’’ —/¢ferary London. 


The Science of Mechanics 


A Critical and Historical Account of Its Development. By Dr. Ernst Macu, Pro- 
fessor of the History and Theory of Inductive Science in the University of Vienna. 
‘Translated from the German by PHomas J. McCokMack. Second enlarged edition 
250 cuts. 575 pages. Cloth, gilt top, marginal analyses, Exhaustive index. 
Price $2.00 nev. 

This book is as much a work on philosophy as science, It takes up the subject of the 
development of mechanics as a specimen of scientific development in general and shows 
both the psychology and the logic of the onward movement of human thought. The 
mechanism of the growth of our ideas, the nature of the structure of science and ot 
truth in general are here exhibited in the plainest light. 


Popular Scientific Lectures 


A Portrayal of the Methods and Spirit of Science. By ERNst Macu, Professor in the 
University of Vienna. ‘Translated from the German by ‘T. J. McCokmack. Third 
Edition. Pages, 415. In cloth, gilt top, $1.50 met (7s. 6d. ). 

‘*A most fascinating volume, . . . has scarcely a rival in the whole realm of popu 

lar scientific writing.’’—Aoston Traveller. 
** Truly remarkable. . . . May be fairly called rare.’ 
—Proressor Henry Crew, N. W. University, 


THE OPEN COURT PUBLISHING COMPANY, 
324 DEARBORN ST., CHICAGO, ILL. 


LONDON: KEGAN Paut, TRENCH, TrROBNER & Co., LTD, 
PATERNOSTER House, CHARING Cross 
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The Astrophysical Journal 
AN INTERNATIONAL REVIEW OF SPECTROSCOPY AND 
ASTRONOMICAL PHYSICS 
EDITED BY 


GEORGE E. HALE and EDWIN B. FROST 
of the Yerkes Observatory 


WITH THE COOPERATION OF 
THe LEADING ASTROPHYSICISTS OF THE UNITED STATES AND EuRoPE 


Contents of Recent Numbers 


JANUARY, 1902. 


The Bruce Spectrograph of the Yerkes Ob- 
servatory Epwin B. Frost 

On the Origin of Double Lines in the Spec- 
trum of the Chromosphere Due to Anom- 
alous Dispersion of the Light from the 
Photosphere . V.H. Jucius. 

Contributions to the Solar Theory R. EMpDEN 

Minor Contributions and Notes: Experi- 
mental Investigation of the Pressure of Light, 
Perer Lesepew; Pressure Due to Light and 
Heat Radiation, E. F. NicHots and G. F 
Hutt: Spectroscopic Binaries: A. Suggestion, 
J. Mitter Barr; The Explosion Hypothesis 
in the Light of Recent Phenomena of Nova Per- 
set, W. H. PicKERING. 

Reviews: Theorie und Geschichte des photo- 
graphischen Objectives, Moritz von Rone 
(Stanley C. Reese). 


MARCH, 1902. 


Measures of Absolute Wave-Lengths in the 
Solar Spectrum and in the Spectrum of 


Iron Cu. Fasry and A. Prror 
The Flash Spectrum, M y 18, 1go1 
S. A. MitcH 


The Effect of Sodium on the Hydrocarbon 
Bands in the Spectrum of the Bunsen 
Flame . PercivaL Lewis 

The Doppler Effect and Reversal in Spark 
Spectra . . Joun Frep MOHLER 

Later Photographs of the Nebula about 
Nova Persei. .. G. W. RitcHey 

Note on the Spark Spectrum of Iron in 
Liquids and in Air at High Pressures. 

GeorGe E. HALe 

Minor Contributions and Notes: Further 
Observations of the Movements and Changes in 
the Nebulosity about Nova Perse?, C. D. Per- 
RINE; A Determination of the Cause of the Dis- 
crepancy between Measures of Spectrograms 
made with Violet to Left and with Violet to 
Right, H. M. Reese; Origin of a Disturbed 
Region Observed in the Corona of rg01, May 
17-18, C. D. Perrine. 

Reviews: Handbuch der Spectroscopie, H. Kay- 
ser (H.C.). 


APRIL, 1902. 


‘On the Discrepancy Between Grating and 


Interference Measurements . . Louis Bett 
The Apparatus for the Electric me of 
the Potsdam Spectrograph, No. III 
HARTMANN 
On the Spark Discharge. from Metallic Poles 
in Water Sir NorMAN LocKYER 
Photographic Work of the Eclipse Expedi- 
tion from the Massachusetts Institute of 


Some Results with the Bruce Spectrograph 
Wa crer S. AbAMS 
Some Observations on the Resolving Power 
of the Michelson Echelon Spectroscope 
P. ZEEMAN. 
The of the Unit of 


Light Knut ANGSTROM 
Selective Absorption as Function of Wave- 
Length . . GeorGe E. Hace. 


Minor Contributions and Notes: Early Obser- 
vations of Algol Stars, Epwarp C. PICKERING. 


MAY, 1902. 
On the Radiation of Mercury in the Mag- 
netic Field . C. RunGe and F. PascHEen 


An Method of Calculating the Or- 
bit of a Spectroscopic Binary 
Henry Norris 
Measures of Absolute Wave-Lengths in the 
Solar Spectrum and in the Spectrum of 
Iron C. Fasry and A. Preror 
The Influence of Atmospheres of Nitrogen 
and Hydrogen on the Arc Spectra of Iron, 
Zinc, Magnesium and Tin, Compared with 
@ the Influence of an Atmosphere of Am- 
monia Roya. A. Porter 
Ona Numerical Relation Between Light 
and Gravitation . . Vicror WELLMAN 
Spectrographic Measures of the Velocities 
of Gaseous Nebule .. J. HARTMAN 
Minor Contributions and Notes; Bands in 
the Bunsen Flame Spectrum of Sodium, PER- 
civaL Lewis; Grant by the Smithsonian Insti- 
f tution to the Astrophysical Journal. 
Marie-Alfred Cornu 


JUNE, 1902. 


Marie-Alfred Cornu. . - S. AMEs 
Radial Velocity of the Orion is 
. C. VoGEt 
New Heads to Cyanogen Bands © 
. C. Hutcuins 
Spectroscopic Results Obtained During the 
Solar Eclipse of May 18, 1g01 W.J. HumpHREY 
On the Separation of Corres : rc Series 
Lines in the Magnetic Fiel 
C. RunGe and F. PascHen 
The Spectroscopic Binary, Beta Cephei 
Epwin B. Frost 
Minor Contributions and Notes: Remarks on 
Professor Keyser’s Article ‘‘ Spec tral Phenomena 
“Connected with the Cooling of Very Hot Stars,” 
Scueiner; The Collected Physical Papers ot ot 
enry A. Rowland; A New Algol Variable + 
43° 4101, Epwarp C. Pick ERING. 
Reviews: Handbuch der astronomischen Instru- 


Technology . . . Harrison W. Smitu mentenkunde, L. Ampronn (G. E. H.); The 
Note on a Personal Equation in Measuring Cause of the Structure of Spectra, WitttaM 
Photographic Spectra B. HAsSSELBERG SUTHERLAND (George W. Middlekauff). 
CHICAGO 


the Gniversity of Chicago Press 


LONDON: Wm Westey & Son 


Published every month except 
February and August 


Subscription Price 
Domestic, $4.00; Foreign, $4.50 


12 


i PORTRAITS 


| ot To satisfy a demand which has arisen, the pub- 
lishers have arranged to issue a limited number of 
zt copies of the portraits of scientific men, that have 
appeared from time to time as frontispieces in the 
PHYSICAL REVIEW. 

The portraits are printed in photogravure, on plate 
paper, suitable for framing, and are for sale at the 
very low price of 25 cents each. 


NOW READY. 
JOHN TYNDALL 
HEINRICH HERTZ 
HERMAN VON HELMHOLTZ (1876) 
AUGUST KUNDT 
ALFRED M. MAYER 
WILLIAS A. ROGERS 
GUSTAV WIEDEMANN 
ROBERT BUNSEN 
THOMAS PRESTON 
5 GEORGE F. FITZGERALD 
es HENRY A. ROWLAND 
{ FRANZ EB. MELDE 


B 
| 


THE PHYSICAL REVIEW 


A fournal of Experimental and Theoretical Physics 


CONDUCTED BY 


EDWARD L. NICHOLS, ERNEST MERRITT and FREDERICK BEDELL 


LXXVII. August, 1902 
TABLE OF CONTENTS 
On the Specific Heat of Supercooled Water. . 
A. T. BARNgs AND H. Lester Cooxke. 


The Penetration of Totally Reflected Light into the Rarer Medium. 
Etmer R, HALL. 


On the Effect of Low Temperature on the Recovery of Overstrained Iron and Steel. 


E. G. Coker. 
Lecture Room Demonstrations of Astigmatism and of Distortion. 
W. S. FRANKLIN. 
Prisms and Plates for Showing Dichromatism. R. W. Woop. 
The Invisibility of Transparent Objects. R. W. Woop. 
A Method for Maintaining Intermediate Temperatures. Cuas. T. Knipp. 
New Books: Wilson : Vector Analysis. 


LXXVIII. September, 1902 > 
TABLE OF CONTENTS 


The Density and Coefficient of Cubical Expansion of Ice. J. B. VINCENT, 
An Experiment Relating to the Application of Lagrange’s Equaions of Motion to 
Electric Currents. S. Day. 
Sparking Distances Between Plates for Small Distances. R. F. EARHART. 
The Generalization of Gauss’s Theorem. S. J. BARNETT. 
On the Cavendish Experiment and the Law of Inverse Squares in Electrostatics. 
S. J. BARNETT. 
An Acetylene Generator. H. A. RANps. 
Test of the Liquid Air Plant at Cornell University. 
FRANK ALLEN and WILLIAM AMBLER. 
‘The Heat of Vaporization of Air. J. S. SHEARER. 
New Books: Ostwald; De Morgan ; Mach. 
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